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Abstract 

The expression of the SS ribosomal RNA genes during the 

development of tfo~ South African clawed toad, Xenopus laevis, has provided 

a model system for the analysis of developmental control at the level of 

transcription. The primary step required for expression of the SS rRNA genes 

in Xenopus is the binding of the positive transcription factoI' IIIA (TFIIIA) to 

the internal control region of the SS RNA gene (Engelke et al, 1980). TFIIIA 

binding permits the subsequent ordered assembly of a transcription complex 

involving at least two other transcription factors (TFIIIB and TFIIIC) and 

RNA polymerase III (Shastry et al, 1982; Lassar et al, 1983). Once transcribed, 

SS RNA is stored in the oocyte cytoplasm associated with TFIIIA as a 7S 

ribonucleoprotein particle (Picard & ~iVegnez, 1979). Thus, TFIIIA can interact 

specifically with both nucleic acids during SS RNA biosynthesis. 

In order to study the interaction of TFIIIA with the SS RNA gene, a 

series of single substitution mutations within the box C and intermediate 

elements of the internal promoter were assayed for TFIIIA binding affinity 

using a nitrocellulose filter binding experiment. In addition, base pair 

sequence within the box C promoter element that contributes to high affinity 

TFIIIA binding was determined by a selected amplification and binding 

analysis of a synthetic SS RNA gene promoter. Intermediate element 

sequences at positions +70 and +71 and box C element sequences from base 

pair po&ition +so to -i92 contribute ePergetically to TFIIIA-DNA interaction. 

The contribution '.o the free energy of DNA binding is non-equivalent 

between base pairs within this contact region. Local DNA conformation from 

base pair position +79 to +94 also contributes to high affinity interaction of 

TFIIIA with the SS RNA gene promoter. 

ii 



The nucleic acid binding domain of TFIJIA consists of nine zinc finger 

motifs (Miller et al, 1985). In the present study, recombinant TFllIA proteins 

containing a series of scanning sequence substitution mutations within the 

N-terminal first three zinc fingers were purified to homogeneity and assa1ed 

for binding to the 55 RNA gene using the nitrocellulose filter binding 

experiment. Amino acid substitutions within finger two reduced SS RNA 

gene association four-fold, while substitutions within finger three resulted in 

a six-fold reduction in 55 RNA gene binding. These results support a role for 

the a-helices within zinc fingers two and three in establishing direct contacts 

with specific base pairs in the major groove of the 55 RNA gene. 

The central zinc fingers four through seven of TFIIIA contribute the 

majority of the free energy of 55 RNA binding (Clemens et al, 1993). The 

present study identifies the position of a purified polypeptide containing 

these zinc fingers bound to SS RNA using a ribonuclease protection assay. 

Zinc fingers four through seven protect 55 RNA helices II, IV, and V, in 

addition to loops A, B, and E from nuclease attack. Full length TFIIIA 

provides additional pr'Jtection to helix III and loops C and D. These regions 

of protection correspond to sequence substitution mutants within SS RNA 

that reduce TFIIIA binding two-fold to twenty-five-fold (McBryant et al, 1995). 

It appears that each zinc finger within TFIIIA provides different 

energetic contributions to DNA and RNA binding. Interaction with the SS 

RNA gene promoter is established pl'imarily by the N-termir.al fingers
1 

while 

the central zinc fingers are responsible for 55 RNA binding. Thus, different 

regions of the nucleic acid binding domain of TFIIIA have evolved and 

specialized in order to confer both gene activation and RNA storage activities 

to the Xenopu:; transcription factor. 
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Chapter 1.0 Biosynthesis and Function of Xenopus 5S ribosonial RNA

1.1 The 5S RNA gene 3 of X e n o p u s

The genomic DNA of X e n o p u s  contains four classes of 5S RNA genes. 

Each class is organized into tandemly repeated units that are clustered at 

unique positions in the chromosomes. The major-oocyte 5S RNA genes and 

pseudogenes are the most abundant classes, with approximately 24,000 copies 

each per haploid genome (Fedoroff & Brown, 1978). In X e no pus  laevis, these 

two gene classes are present within a single genetic unit 650 to 860 base pairs 

long that contains a 360 to 570 base pair spacer element (Fedoroff & Brown, 

1977; Fedoroff & Brown, 1978; Miller et al., 1985) (Figure 1.1A). This spacer 

element also exhibits internal sequence repetition of similar, but not 

identical, AT-rich sequences (region A) (Fedoroff & Brown, 1978). DNA 

sequence that includes 73 base pairs upstream of the start site of transcription 

and the first 101 base pairs of the oocyte gene comprise a GC-rich region that is 

duplicated to produce the 3' end of the genetic unit containing the 

pseudogene (region B) (Miller et al., 1978) (Figure 1.1B).

Comparison of the repetitious sequences within the X e n o p u s  laevis  

oocyte-pseudogene repeat suggests that this genetic unit is, in general, a fixed 

collection of old duplications/deletions (regions A3, B, A1) bounded by a 

variable number of recent duplications (region A2) that could function as a 

recombination 'hotspot' (Fedoroff & Brown, 1978) (Figure 1,113). Thus, 

duplication of the oocyte-pseudogene unit that created the 24,000 gene copies 

appears to be a relatively recent event in X e n o p u s  la e v is  evolution. The 

organization of the oocyte-pseudogene cluster is different in X enopus  borealis 

than for X e n o p u s  laevis, with 9000 oocyte gene copies per haploid genome 

and variability in the number and relative positions of genes and
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Figure 1.1 Organization of the X e n o p u s  5S RNA multi-gene families. (A) 

X en o p u s  laevis  oocyte (Xlo), somatic (Xls), and trace-oocyte (Xlt) as well as 

X enop us  borealis oocyte (Xbo) and somatic (Xbs) gene repeats are shown, with 

the location of pseudogenes depicted by a (Korn, 1982). X e n o p u s  laev is  

oocyte (B) and trace-oocyte (C) gene repeats are shown in greater detail (Miller 

et al., 1978; Peterson et al., 1980).



pseudogenes between repeats (Korn & Brown, 1978; Korn, 1982).

The other two classes of 5S RNA genes are present in lower abundnnce 

and carry only one gene per repeat. In X enopus  laevis, the trace-oocyte class is 

found in gene repeats of 1300 copies per haploid genome with a short 190 base 

pair intergenic spacer element (Brown et al., 1977). This spacer contains AT- 

rich and GC-rich sequences that are duplicated twice between each gene copy 

(Figure 1.1C). Similarity between the GC-rich regions of oocyte and trace- 

oocyte indicate a common origin for these two gene classes (Peterson et al., 

1980). Unlike the AT-rich spacer region of the oocyte-pseudogene genetic 

unit, the trace-oocyte spacer does not contain a repetitive simple sequence 

(Peterson et al., 1980). The X eno pus  laevis somatic 5S RNA gene class occurs 

in gene repeats of 400 copies per haploid genome and contain a 760 base pair 

intergenic spacer element that is GC-rich (Peterson et al., 1980). The 

organization of the somatic 5S RNA genes in X e n o p u s  borealis is similar to 

that of X e n o p u s  laevis, with a repeat unit of 850 base pairs and 700 gene copies 

per haploid genome (Peterson et al., 1980; Korn, 1982). The somatic genes and 

adjacent spacer regions exhibit a greater conservation in length and sequence 

between the two X e n o p u s  species than do the oocyte genes and their related 

spacer elements (Peterson et al., 1980). The dual somatic-oocyte 5S RNA gene 

system is not unique to X e n o p u s  and predates the evolution of amphibians 

(Denis & Wegnez, 1977). This suggests that similarities and differences 

between the repeat organization of the 5S RNA gene families may reflect 

different functional constraints imposed during amphibian evolution.

Unlike RNA polymerase II-transcribed genes, the 5S RNA gene 

families are transcribed by RNA polymerase III from a promoter that is 

within the coding region of the genes (Bogenhagen et al., 1980; Sakonju et al,, 

1980) (Figure 1.2). This internal control region (ICR) is similar in sequence



between the different 5S RNA genes and is the site of transcription factor 

binding and assembly of a functional transcription preinitiation complex 

(Engelke et al., 1980; Shastry et al., 1982). DNA sequences flanking the 

internal promoter may also contribute to efficient 5S RNA transcription 

(Majowski et al., 1987; Keller et al., 1990; Wolffe & Morse, 1990). The 

upstream spacer sequence is not required for in v ivo  transcription of major- 

oocyte or somatic 5S RNA but may function in correctly identifying the 

precise start site of transcription (Korn & Brown, 1978; Sakonju et al., 1980). 

Conserved sequences AAAAG, AGAAG, and GAC are located approximately 

15, 25, and 35 base pairs upstream from the transcription start site, 

respectively, in a number of RNA polymerase Ill-transcribed genes (Korn & 

Brown, 1978) (Figure 1.2). These sequences, positioned along the same face of 

the DNA helix, may represent interaction sites for accessory proteins that 

modulate transcription of the 5S RNA genes (Wormington et al., 1981). A 

two-component activity within X e n o p u s  oocytes and mammalian HeLa cells 

has been identified that interacts with the conserved sequences at positions 

"15 and "25 and increases 53 RNA expression four-fold (Oei & Pieler, 1990). 

The first transcribed nucleotide is generally a purine residue flanked by 

pyrimidine bases (Korn, 1982). Transcription of the major-oocyte and somatic 

genes terminates primarily within the first of a number of T clusters on the 

non coding strand (Korn & Brown, 1978; Bogenhagen & Brown, 1981) (Figure 

1.2), Differences in gene sequence between the three transcribed 5S RNA 

genes (major-oocyte, trace-oocyte, and somatic) may function in their 

differential regulation during development (Xing & Worcel, 1989a).

The oocyte-pseudo 5S RNA gene repeats are clustered in the telomeric 

region of the long arm of most or all of the 18 haploid X e n o p u s  chromosomes 

(Pardue et al., 1973; Harper et al., 1983). Trace-oocyte 5S RNA genes are
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Figure 1.2 Sequence alignment of the X e n o p u s  5S RNA genes. A dash 

denotes identical base pair sequence at that position, while shaded sequences 

identify the internal promoter. Sequences upstream that influence 

transcription are shown outlined, with a proposed two-component activation 

complex positioned at "31 to "15 (Oei & Pieler, 1990). The bold arrow shows 

the start site of transcription and the major termination sites are indicated 

with a thin arrow (Korn & Brown, 1978). Termination signals in the 

downstream region of the genes are underlined (Korn & Brown, 1978).



present at the distal end of the long arm of chromosome 13, while somatic 

gene clusters are located in the telomeric region of the long arm of 

chromosome nine (Harper et al., 1983). The somatic and trace-oocyte 5S RNA 

genes may also be present at a number of minor sites within the X e n o p u s  

genome (Peterson et al., 1980).

1.2 Transcription and transport of 5S RNA

Investigation into the process of eukaryotic RNA transcription has 

benefited from the early development of in v i tro  5S RNA transcription 

systems (Parker & Roeder, 1977; Birkenmeier et al., 1978; Ng et al., 1979; Weil 

et al., 1979; Wormington et al. 1981) and from micro injection of oocyte 

nuclei with purified 5 RNA genes (Brown & Gurdon, 1978). Accurate 

initiation of 5S RNA transcription requires a functional transcription 

complex assembled within the coding region of the gene and is sensitive to 

sequence context at the initiation site (Sakonju et al., 1980; Segall et al., 1980; 

Cozzarelli et al., 1983). The X e n o p u s  pro'ein factors involved in 5S RNA 

gene transcription have been isolated either to homogeneity, in the case of 

TFIIIA (Engelke et al., 1980), or as a partially purified chromatographic 

fraction, as is the case for TFIIIC and TFIIIB (Shastry et al., 1982; Keller et al., 

1992). Similar 5S RNA gene transcription factors have b>en characterized in a 

variety of diverse organisms, including humans (Segall et al., 1980; Schneider 

et al., 1990) and yeast (Braun et al., 1989; Parsons & Weil, 1990).

The active X e n o p u s  5S RNA gene transcription complex contains the 

5S-specific transcription factor IIIA (TFIIIA) in addition to two (or more) 

general RNA polymerase III transcription factors (TFIIIC and TFIIIB) that 

assemble onto the gene promoter in an ordered sequence (Segall et al., 1980; 

Shastry et al., 1982) (Figure 1.3). First, TFIIIA binds to the ICR of the 5S RNA



gene forming a metastable complex (Engelke et al., 1980; Lassar et al., 1983; 

Setzer & Brown, 1985). TFIIIC recognizes and binds to this metastable 

complex predominantly through protein-protein interactions with the C- 

terminal domain of TFIIIA (Lassar et al., 1983; Setzer & Brown, 1985; Hayes et 

al., 1989). However, regions of the 5S RNA gene that influence TFIilC 

association have also been identified (Majowski et al., 1987; Keller et al., 1990; 

Keller et al., 1992). The TFIIIA-TFIIIC complex associated with the ICR is 

substantially more stable than the TFIIIA-ICR binary complex (Lassar et al., 

1983; Setzer & Brown, 1985; Keller et al., 1992). TFIIIB then binds at a 

considerably slower association rate to complete the assembly of the 5S RNA 

gene preinitiation complex (Lassar et al., 1983; Setzer & Brown, 1985; Bieker & 

Roeder, 1986) (Figure 1.3). Studies performed on the yeast 5S RNA gene 

system suggest that TFIIIB is the primary transcription initiation factor of 

RNA polymerase III, while TFIIIA and TFIIIC represent assembly factors 

(Kassavetis et al., 1990). One TFIIIB component recently identified is the 

TATA-box binding protein (TBP) that is required in transcription of 

eukaryotic genes by RNA polymerase I, II, and III (Gottesfeld et al., 1994).

The X e n o p u s  somatic 5S RNA gene interacts with the assembled 

transcription complex over an extended 180 base pair region ('24 to +159), with 

DNase I protected sequences located at the transcription initiation site, within 

the ICR, and at the termination signal (Wolffe & Morse, 1990). Such an 

extended protection region is also observed for the yeast 5S RNA gene 

transcription complex (Braun et al., 1989). Transcription complexes formed 

on trace-oocyte and major-oocyte 5S RNA genes are not as active as those 

assembled onto the somatic-type gene, as determined in both oocyte and 

somatic cell extracts (Wormington et al., 1981; Millstein et al,, 1987; Keller et 

al., 1990). This differential transcription activity may be due, in part, to a



5S RNA Gene

MS

*45

[TFIIIA*5S RNA gene]

[stable com plex I]

TFIIIA

TFIIIC

TFIIIB

+120

(k2 » k _ 2)

(k3 » k _ 3)

[stab le com plex II]

m i i B  TFIIIC
com ponents /  com ponents

h ~ ____iTEfiia
+120

k4 + RNA polym erase III 

[ in itia tion  complex]

(k 2 , k 4 , k 5 » k 3 ) <5 + NTPs

5S RNA

O
Figure 1.3 Simplified kinetic scheme for 5S RNA transcription complex 

formation and 5S RNA synthesis (Del Rio et al., 1993a).



greater affinity of TFIIIC for metastable TFIIIA-DNA complexes assembled on 

the somatic 5S RNA gene rather than on the oocyte-type gene (Keller et ah, 

1990; Keller et al., 1992). Complex discrimination by TFIIIC involves base pair 

sequences within the box A promoter element and sequences immediately 

upstream of the ICR (Xing & Worcel, 1989a; Keller et ah, 1990). Such a 

discriminatory activity of TFIIIC, coupled with differences in TFIIIA 

association, could contribute to selective repression of the oocyte 5S RNA 

genes during early X e n o p u s  development (Wolffe, 1988; Xing & Worcel, 

1989a; Keller et al., 1990; Keller et al., 1992).

The preinitiation complex is highly stable and persists on 55 RNA 

genes in  vivo  for weeks, even in the absence of active 5S RNA transcription 

or significant concentrations of free factors (Darby et ah, 1988). In addition, it 

has been suggested that the 5S RNA gene transcription complex remains 

bound to the internal promoter through multiple rounds of 5S RNA 

transcription (Bogenhagen et al., 1982; Setzer & Brown, 1985; Wolffe et ah, 

1986). This may be accomplished either by transient association with the non 

coding DNA strand (Sakonju & Brown, 1982) or by sequential dissociation 

and reassociation of individual protein domains with the DNA (Miller et ah, 

1985). Thus, the assembled transcription complex plays a role in establishing 

a transcriptionally 'committed' state for the 5S RNA gene classes. In contrast, 

TFIIIA complexed with the 55 RNA gene promoter is readily removed by a 

transcribing RNA polymerase in vi tro  (Campbell & Setzer, 1991).

Transcription of the major-oocyte and somatic genes terminates 

primarily within the first of a number of T clusters on the non coding strand 

(Korn & Brown, 1978; Bogenhagen & Brown, 1981) (Figure 1.2). The activity 

of this AT-rich termination region is enhanced by GC-rich sequence 

immediately flanking the T cluster (Korn & Brown, 1978; Bogenhagen &



Brown, 1981). Transcription termination appears to be a multi-step process 

that includes cessation of elongation, termination signal recognition, RNA 

strand displacement, and polymerase release (Bogenhagen & Brown, 1981; 

Gottlieb & Steitz, 1989a; Campbell & Setzer, 1992). The simple 5S RNA gene 

termination signals are recognized by RNA polymerase III in the absence of 

auxiliary factors (Cozzarelli et al., 1983). The polymerase then pauses at these 

T clusters (Campbell & Setzer, 1992). However, the 50 kD La protein, which 

copurifies with TFIIIC activity, may be required for the polymerase to 

complete transcription through the termination signal and release 5S RNA 

(Gottlieb & Steitz, 1989b). Once the termination signal has been identified, 

polymerase release may also be dependent on RNA strand displacement 

during the elongation process (Campbell & Setzer, 1992),

Although the majority of X e n o p u s  5S RNA is transcribed in a mature 

form, inefficient termination and readthrough to a downstream termination 

site can occur, particularly with the oocyte 5S RNA gene (Bogenhagen & 

Brown, 1981). These RNA molecules are processed by a 3' RNA exonuclease 

to the mature form (Xing & Worcel, 1989b). It is interesting to note that the
r

pseudogene is efficiently transcribed in vitro, but a transcript is not observed • 

in v ivo  (Ford & Southern, 1973; Wormington et al., 1981; Xing & Worcel, 

1989b). The same ribonuclease activity that processes 142 nt and 130 nt 

readthrough products of the oocyte gene to the mature 5S RNA form is also 

suggested to rapidly degrade the pseudogene transcript in v iv o  (Xing & 

Worcel, 1989b). Differential stability of the oocyte and somatic 5S RNA 

compared with the pseudogene transcript may be attributed to formation of a 

stable helical structure by the 5' and 3' ends of the RNA molecule (Xing & 

Worcel, 1989b), All mature 5S RNA transcripts are subsequently associated 

transiently through their 3' uridylate tails with the La protein (Gottlieb &



Steitz, 1989a; Guddat et al., 1990; Allison et al., 1991). This nuclear 

phosphoprotein appears to be a RNA polymerase Ill-specific termination 

factor required for transcription of the termination signal and transcript 

release (Gottlieb & Steitz, 1989b).

TFIIIA associates with nascent 5S RNA molecules within the nucleus 

and the La protein may then be recycled into the transcription complex 

assembled on the active 5S RNA gene (Gottlieb & Steitz, 1989b) (Figure 1.4). 

In immature oocytes (stages I to III), 5S RNA is transported to the cytoplasm 

and stored as a 7S ribonucleoprotein (RNP) particle in association with TFIIIA 

and as a 42S RNP in association with protein p43, tRNA, and protein p50 

(Picard & Wegnez, 1979; Picard et al., 1980) (Figure 1.4). Independent studies 

have also shown association of nascent 5S RNA with ribosomal protein L5 

and transport of the 5S RNP particle to the cytoplasm (Guddat et al., 1990). 

Migration of 7S RNP from the nucleus, during oogenes^, may result in a 

limited concentration of nuclear TFIIIA and a reduction in the transcriptional 

competence of the 5S RNA genes (Guddat et al., 1990). As the oocyte matures 

(around stages III and IV) TFIIIA and 42S RNP levels begin to decrease and 

maximal synthesis of ribosomal protein L5 is observed (Picard et al., 1980; 

Wormington, 1989). The stored 7S RNP then undergoes an exchange reaction 

and a 5S RNP containing L5 protein and 5S RNA accumulates (Allison et al,, 

1991) (Figure 1.4). The binding sites of TFIIIA and L5 protein on 5S RNA may 

overlap which suggests that a direct competition for complex formation 

occurs (Nazar & Wildeman, 1983; Romaniuk et al., 1987a). The 5S RNP 

particle is subsequently transported back into the nucleus to the nucleoli for 

ribosome assembly (Allison et ah, 1991). In somatic cells, 5S RNA may 

associate with La protein in the nucleoplasm, exchange into a 5S RNP with L5
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protein, and migrate directly to the nucleoli without the need for cytoplasmic 

targeting (Steitz et al., 1988).

1.3 The TFIIIA genes of Xenopus

The TFIIIA gene is present as a single or low copy gene within the 

X e n o p u s  genome and is polymorphic, with at least two allelic forms (Taylor 

et al., 1986; Tso et al., 1986; Scotto et al., 1989). Multiple gene copies and 

sequence polymorphism in such a functionally important gene may have 

arisen by a chromosome duplication event occurring relatively early in 

X e n o p u s  evolution (30 million years ago) that generated an essentially 

tetraploid X e n o p u s  laevis genome (Bisbee et al., 1977). Polymorphism is also 

observed for the genes encoding the X enopus  L5 protein (Wormington, 1989), 

The TFIIIA gene is approximately 11 kilobases in length and contains nine 

coding regions separated by eight introns (Tso et al., 1986) (Figure 1.5). The 

location of exon-intron boundaries with respect to encoded structural 

domains within the protein suggests that TFIIIA evolved from a primordial 

genetic unit encoding the zinc finger DNA binding domain (Tso et al., 1986).

The expression of TFIIIA is developmentally regulated, exhibiting a 

strong correlation with the level of 5S RNA synthesis (Ginsberg et al., 1984; 

Shastry et al., 1984; Taylor et al., 1986). The region adjacent to the 

transcription start site of the TFIIIA gene is similar to many other genes 

transcribed by PJNA polymerase II (Figure 1.6), A consensus TATA box 

sequence is found at position "32 and a CAAT box sequence is centered at base 

pair "96 (Tso et al., 1986). The sequence further upstream of the TFIIIA coding 

region contains four negative ("425 to "350, "306 to "289, "235 to "175, and "200 to 

-159) and seven positive ("671 to "629, '289 to "253, "250 to "173, "167 to '122, "159 

to "110, "144 to "101, "110 to '58) c/s-acting elements (Matsumoto & Korn, 1988;



Hall & Taylor, 1989; Scotto et al., 1989; Pfaff et al., 1991; Pfaff & Taylor, 1992). 

These cis-elements function in unique combinatorial patterns during the 

imm ature oocyte, mature oocyte, and embryonic stages of X e n o p u s  

development (Pfaff et al., 1991; Pfaff & Taylor, 1992) (Figure 1.6).

Both constitutively expressed and developm entally regulated 

transcription factors interact with the TFIIIA promoter (Pfaff et al., 1991). 

When incubated with a mature oocyte or somatic cell extract two protein- 

DNA complexes are observed to form within this upstream region; complex 

B1 at “271 to ”253 and complex B2 at "253 to '221 (Scotto et al., 1989; Pfaff et al.,

1991). Protein associated with the former complex (Bl) has been identified as 

a X e n o p u s  homolog to the adenovirus major late transcription factor (MLTF) 

and is a member of the helix-loop-helix class of trans-acting factors (Sawadogo 

& Roeder, 1985; Hall & Taylor, 1989; Scotto et al., 1989; Kaulen et al., 1991). 

This X e n o p u s  protein, termed the TFIIIA distal element factor (TDEF), 

recognizes the core sequence ' 269CACGTG'264 and contributes to a three-fold 

enhancement of TFIIIA expression in oocytes, although it is also present in 

somatic cells (Hall & Taylor, 1989; Scotto et al., 1989; Kaulen et al., 1991). The 

oocytic and embryonic TDEF-DNA complexes may contain different post- 

translationally modified forms of the transcription factor indicating an 

additional level of TFIIIA gene regulation (Kaulen et al., 1991). A third 

complex formed in immature oocytes, termed B3, is located on a large 

inverted repeat sequence at "670 to "635 and increases TFIIIA expression two­

fold (Pfaff & Taylor, 1992). The protein factor associated with the B3 complex 

is developmentally regulated and is expressed in oocytes but not in somatic 

cells. TFIIIA itself may also interact with a region upstream from the TFIIIA 

gene (Hanas & Smith, 1990). This interaction is suggested to occur within the 

negative element from "306 to '289 and could interfere with TDEF binding



15

TFIIIA gene
1 kb

somatic j j
oocyte

2 3 4 5 6 7 8

 □  C H J - M ---------------- □ ------0-

pre-mRNA

" \  s  ^  ^  i — <A,n
V '  v  * < V " "  \ /  \  '

V V

TFIIIA mRNA [. I 1 I I I 1 j I  ̂| (A)n oocyte TFIIIA

ATG stop

M  I I I I I I II l(A)n somatic TFIIIA
T

ATG st°P
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at the adjacent positive control element ("271 to '253) (Hanas & Smith, 1990) 

(Figure 1.6).

Oocyte and somatic forms of TFIIIA have been identified (Pelham et al., 

1981; Shastry et al., 1984; Kim et al., 1990). The somatic-form TFIIIA, which 

contains 22  additional amino acid residues at the N-terminus, is not 

expressed until the embryonic stage of X e n o p u s  development and is 

functionally indistinguishable from oocyte-form TFIIIA (Shastry et al., 1984; 

Kim et al., 1990). Adult kidney cells are found to express 800 molecules of 

oocyte-form TFIIIA and 2000 molecules of somatic-form TFIIIA protein 

(Shastry et al., 1984). It is proposed that these different forms of TFIIIA are 

expressed from two overlapping promoters, which are differentially active in 

oocyte and somatic cells and utilize different start sites of transcription (Kim 

et al., 1990; Martinez et al., 1994) (Figure 1.5). RNA polymerase III has been 

shown to initiate transcription 70 base pairs upstream o'fthe oocyte promoter 

in somatic cell nuclear extracts (Martinez et al., 1994). It is suggested that this 

activity may represent an RNA polymerase Ill-mediated down regulation of 

the oocyte-specific TFIIIA gene promoter in somatic cells. Termination of the

1.4 kilobase TFIIIA mRNA transcript occurs 255 residues downstream of the 

translational stop codon and the message is subsequently polyadenylated (Tso 

et al., 1986). Sequences within the 3' end of TFIIIA mRNA have been found 

to significantly reduce the half life of a chimaeric mRNA construct and may 

contain an endonuclease recognition site that functions in rapid turnover of 

TFIIIA transcripts (Harland & Misher, 1988).

1.4 X e n o p u s  TFIIIA protein structure

TFIIIA is involved in the developmental regulation of 5S RNA gene 

transcription by RNA polymerase III (Engelke et a!., 1980; Sakonju et al., 1980).



In X e n o p u s  oocytes TFIIIA not only acts as a positive transcription factor but 

also interacts with 5S RNA to form a 7S ribonucleoprotein particle (RNP) 

(Pelham & Brown, 1980). X e n o p u s  TFIIIA is 344 amino acids in length, 38.5 

kD in size, and contains nine C2H 2 zinc finger motifs tandemly repeated 

through the N-terminal two thirds of the protein (Brown et al., 1985; Miller et 

al., 1985) (Figure 1.7). This 30 kD N-terminal region comprises the nucleic 

acid binding domain of TFIIIA, while a 10 kD C-terminal region functions in 

transcription activation (Smith et al., 1984). The DNA-binding domain of 

TFIIIA may have evolved through multiple gene duplicating events of an 

ancient finger sequence followed by sequence divergence (Ginsberg et al., 

1984). This is supported by exon-intron boundaries observed in the TFIIIA 

gene (Tso et al., 1986). The first six zinc fingers of TFIIIA and the C-terminal 

transactivation domain are all encoded by separate exons. The conformation 

of the TFIIIA nucleic acid binding domain does not appear to change upon 5S 

RNA binding (Hanas et al., 1989). In contrast, interaction with the 5S RNA 

gene results in a structural change in the zinc finger region of TFIIIA 

concomitant with enhanced protease sensitivity (Hanas et al., 1989). A 

conformational change in TFIIIA structure may be necessary for correct 

positioning along the DNA promoter sequence a n d /o r  for efficient 

transaclivation of transcription,

The requirement of zinc for the folding of individual finger structures 

and the contributions made by each zinc finger of TFIIIA to nucleic acid 

binding would suggest that all nine fingers of TFIIIA associate with zinc in 

the fully functional protein. However, conflicting evidence exists for the 

number of bound zinc ions in active TFIIIA. The apparent discrepancies may 

result from differences in the experimental techniques (Miller et al., 1985; 

Han et al., 1990) and /o r in the relative affinities of individual fingers for
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Figure 1.7 The structure of X e n o p u s  TFIIIA protein. (A) Sequence alignment 

of TFIIIA indicating the repeated C2H 2 zinc finger motif (Miller et al., 1985). 

(B) Schematic depicting the extended TFIIIA protein containing nine zinc 

fingers and a C-terminal transactivation domain (Miller et al., 1985),



zinc(II) (Han et al., 1990). Independent atomic absorption analyses of EDTA- 

treated 7S RNP particles have shown two mole equivalents (Hanas et al., 

1983a) and seven to eleven moles (Miller et al., 1985) of zinc associated with 

TFIIIA. Experiments using a sulfhydryl modifier, PMPS, and the metallo- 

chromophore PAR have identified nine mole equivalents of zinc per TFIIIA 

molecule (Han et al., 1990). Treatment with PAR alone released five moles of 

zinc per mole TFIIIA. This suggests that the nine fingers of TFIIIA bind zinc 

with varying affinity. In contrast, an independent chemical modification 

study using PMPS (modifies cysteines) and DEPC (modifies histidines) 

showed two mole equivalents of zinc associated with the TFIIIA molecule 

(Shang et al., 1989). Therefore, it appears that only two intrinsic zinc ions 

within TFIIIA are required for the nucleic acid binding activity (Hanas et al., 

1989; Shang et al., 1989).

Other structural features that may contribute to transcription factor 

DNA-binding and transactivation activities include post-translational 

modification and electrostatic charge distribution. Glycosylation has been 

shown to function in transactivation by Spl (Jackson & Tjian, 1988). Unlike 

many RNA polymerase II transcription factors, TFIIIA does not appear to be 

O-glycosylated (Jackson & Tjian, 1988). In contrast, sequence analysis has 

identified two putative N-linked glycosylation sites within the C-terminal 

region of TFIIIA (Miller et al., 1985) (Figure 1.7). Charge clusters are found 

associated with the DNA-binding zinc fingers of Spl, Krox20, and GLI, while 

TFIIIA and ADR1 display a more evenly distributed charge over the whole 

protein (Miller et al., 1985; Brendel & Karlin, 1989). Thus, the presence and 

possible function of electrostatic charge and post-translational modifications 

within TFIIIA remains unclear at present. It is important to note, however, 

that bacterially produced TFIIIA maintains nucleic acid binding and



transactivation activity similar to TFIIIA isolated from X e n o p u s  (Del Rio and 

Setzer, 1991). If post-translational modification of TFIIIA does occur in 

X e n o p u s ,  it may play a role in protein transport and/or turnover.

The transactivation domain of TFIIIA has been localized by two groups 

from amino acid positions 294 to 313 (Vrana et al., 1988) and positions 284 to 

297 (Mao & Darby, 1993) within the C-terminal region. This region exhibits 

position-dependent activity and may interact directly with other RNA 

polymerase III factors and stabilize the functional transcription preinitiation 

complex (Braun et al., 1989; Mao & Darby, 1993). It is interesting to note a 

minor lysine cluster that overlaps the transactivation region of TFIIIA (Miller 

et al., 1985) (Figure 1.7). This hydrophilic region could serve as a flexible 

intradomain linker or function directly in transactivation (Smith et al,, 1984; 

Miller et al., 1985). The precise structure of the TFIIIA transactivation domain 

remains unknown.

Oocyte and somatic forms of TFIIIA may exist that are expressed from 

two different promoters within the single-copy TFIIIA gene (Pelham et al., 

1981; Shastry et al., 1984; Kim et al., 1990; Martinez et al., 1994). The somatic 

TFIIIA contains 22 additional residues at the N-terminus but appears to be 

immunologically and functionally indistinguishable from the oocyte form of 

the protein (Pelham et al., 1981; Kim et al., 1990). However, independent 

studies suggest that, while both proteins exhibit similar DNA binding 

affinities, the somatic form of TFIIIA is unable to support oocyte-type 5S RNA 

gene transcription (Blanco et al., 1989). This suggests that somatic TFIIIA 

could function as a repressor of oocyte 5S RNA genes and as an activator of 

somatic-type 5S RNA genes in somatic tissue (Blanco et al., 1989). The oocyte 

form of TFIIIA is present at 1012 copies per cell in immature oocytes and 

declines in abundance by as much as 20-fold during oogenesis. In contrast,



somatic TFIIIA represents only two percent of the total TFIIIA concentration 

in immature oocytes and increases significantly during oogenesis. Thus, both 

the effective cellular concentrations of both forms of TFIIIA and a switch in 

transactivation activity may contribute to the regulation of 5S RNA 

biosynthesis during X e n o p u s  development.

1.5 Developmental regulation of 5S RNA expression

The X e n o p u s  oocyte develops through six stages that are characterized 

by gross changes in morphology and gene expression patterns. These 

developing amphibian oocytes accumulate massive numbers of ribosomes in 

preparation for embryogenesis and thus require the synthesis of large 

amounts of ribosomal RNA. To support this high rate of synthesis, the 450 

genes for 18S, 5.8S, and 285 rRNA are amplified specifically in oocyte nuclei 

by disproportionate replication (Brown & Dawid, 1968; Gall, 1968). An 

alternative scheme is used for 5S RNA synthesis, with the activation of a 

large 5S RNA gene family early in X e n o p u s  oogenesis. The major-oocyte, 

trace-oocyte, and somatic genes are all expressed in immature oocytes (stages I 

to III). Transcription of 5S RNA then ceases during late oogenesis (stages V 

and VI) and early embryogenesis. Somatic 5S RNA gene expression is 

subsequently renewed in the blastula stage of developm ent during 

gastrulation (about 12 to 15 cell divisions after egg fertilization) (Ford & 

Southern, 1973; Shastry et al., 1984). Thus, the different classes of 5S RNA 

genes exhibit different expression patterns during X e n o p u s  development.

Since TFIIIA has been identified as a 5S RNA gene-specific 

transcription factor, investigations into the mechanisms underlying the 

developmental regulation of 5S RNA synthesis have focused on TFIIIA 

expression patterns and function in the assembled transcription complex.



Changes in the expression pattern of TFIIIA during X e n o p u s  development 

and the differential stability of the fully assembled transcription complex on 

the 5S RNA gene families play a significant role in the timing of 5S RNA 

gene expression. Steady state levels of TFIIIA mRNA range from 2 x 107 to 5 x 

106 in immature oocytes (stages I to III) and from six to one or less TFIIIA 

mRNA per somatic cell (Ginsberg et al., 1984; Taylor et al., 1986). This 

suggests that a 106-fold reduction occurs in TFIIIA expression during X e n o p u s  

development from oocyte to embryo. This massive reduction in mRNA 

levels is reflected by TFIIIA protein levels, which drop from 8 x lO1* to 1 x 1012 

molecules in an immature oocyte (stages I to III) to about 4 x 105 molecules 

per somatic cell in a tailbud stage embryo (Shastry et al., 1984; Andrews & 

Brown, 1987). Developmental regulation of TFIIIA expression is mediated 

through stage-specific transcription complexes positioned within the oocyte 

and somahc promoters of the TFIIIA gene (Pfaff et al., 1991). A reduction in 

TFIIIA levels may be required for reprogramming the expression of the 5S 

RNA gene families during embryogenesis.

Subtle differences in the interaction of TFIIIA with the somatic and 

oocyte 5S RNA genes may indirectly contribute to a 40-fold or greater 

enhancement of somatic 5S RNA transcription over the oocyte-type gene in 

v i t r o  (Wormington et al., 1981; Millstein et al., 1987; McConkey & 

Bogenhagen, 1988; Xing & Worcel, 1989a). TFIIIC recognizes these TFIIIA- 

DNA complexes with different affinities resulting in a more stable ternary 

complex on the somatic 5S RNA gene (Wolffe, 1988; Keller et ah, 1992). The 

assembly of transcription complexes in v iva  with different stabilities and, 

perhaps, different association kinetics may be part of an important regulatory 

mechanism within the somatic cell that includes differences in the timing of 

5S RNA gene replication. Somatic 5S RNA genes are replicated earlier in the



S-phase of the cell cycle than the oocyte-type genes (Gilbert, 1986). During 

embryogenesis, the newly replicated somatic 5S RNA genes could sequester a 

limiting pool of TFIIIA (and/or TFIIIC) before replication of the oocyte 5S 

RNA gene class and assemble stable transcription complexes (Gottesfeld & 

Bloomer, 1982; Wormington & Brown, 1983; Wolffe & Brown, 1986). It has 

been suggested that late replication of the oocyte-type genes removes pre­

existing transcription complexes leaving this gene class susceptible to global 

mechanisms of gene repression (Brown, 1984; Wolffe & Brown, 1988). This 

repression model is supported by the early replication and expression of 

oocyte-type 5S RNA genes in a X e n o p u s  somatic cell line containing a 

chromosome trandocation (Guinta et al., 1986).

Oocyte 5S RNA genes that lack an associated transcription complex are 

assembled into chromatin containing histone HI and actively repressed 

(Bogenhagen et al., 1982; Schlissel & Brown, 1984; Gilbert, 1986; Tremethick et 

al., 1990; Chipev & Wolffe, 1992; Bouvet et al., 1994). TFIIIA has been 

observed to associate with the somatic 5S RNA gene promoter in partially 

assembled or loosely organized chromatin (Rhodes, 1985; Tremethick et al., 

1990; Hayes & Wolffe, 1992). This metastable TFIIIA-DNA complex can be 

subsequently displaced in vitro by completion of nucleosome assembly or Hl- 

mediated chromatin compaction (Tremethick et al., 1990; Chipev & Wolffe, 

1992; Hansen & Wolffe, 1992; Hayes & Wolffe, 1992). In contrast, the fully 

assembled 5S RNA gene transcription complex is refractory to chromatin 

assembly and Hl-dependent repression (Tremethick et al., 1990; Chipev & 

Wolffe, 1992). In the somatic cell, transcriptionally competent somatic 5S 

RNA gene repeats are found to contain few positioned nucleosomes within 

the prom oter region, while repressed oocyte-type gene repeats are 

incorporated into a loosely positioned array of nucleosomes that provide a



substrate for active Hl-mediated repression (Chipev & Wolffe, 1992; Bouvet 

et al., 1994). Single nucleosomes that are located on active 5S RNA genes 

apparently do not impede RNA polymerase passage and completion of RNA 

transcription but can interfere with the initial interaction of the polymerase 

with the gene promoter (Lorch et al., 1987; Losa & Brown, 1987; Wolffe &  

Drew, 1989; Clark & Felsenfeld, 1992). It is important to note that both in 

v i t ro  initiation and elongation by RNA polymerase III can be inhibited by 

nucleosomal arrays in the absence of histone HI (Hansen & Wolffe, 1992). 

This transcrip tional repression is dependent cn the degree of 

internucleosome contacts and chromatin compaction, which could be 

mediated through histone HI in vivo.

Transient repression of RNA polymerase Ill-mediated transcription is 

found to occur in cells entering mitosis and can be reproduced in vi tro  

(Gottesfeld et al., 1994). This regulation involves the reversible 

phosphorylation of protein factors associated with the TATA-box binding 

protein (TBP) component of TFIIIB by mitotic protein kinases (Gottesfeld et 

al., 1994). During interphase this factor is dephosphorylated and RNA 

polymerase III transcription is reactivated. Thus, somatic 5S RNA gene 

expression appears to be transiently repressed in a cell cycle-dependent 

manner, while oocyte 5S RNA genes are permanently repressed by a more 

global repression mechanism within the somatic cell.

It is clear from the above studies that a number of gene-specific and 

global regulatory mechanisms within X e n o p u s  oocyte and somatic cells 

function, to program the differentiated state of the 5S RNA gene families. 

Control mechanisms that contribute to the overall regulation of 5S RNA 

synthesis during X e n o p u s  development include; modulation of TFIIIA and 

histone H I nuclear concentrations, post-translational modification of RNA



polymerase III factors, assembly of different chromatin organizations on the 

somatic and oocyte gene clusters, and cell cycle-dependent access restrictions 

to the different 5S RNA gene classes.

1.6 Biological Function of 5S RNA

Eukaryotic 5S RNA interacts predominantly with the ribosomal L5 

protein in vertebrate ribosomes and with the L5 homolog, YL3, in yeast 

(Nazar & Wildeman, 1983; Chan et al., 1987; Wormington, 1989; Tang & 

Nazar, 1991). There is a significant lag between L5 protein accumulation and 

the synthesis and cytoplasmic storage of 5S RNA in immature oocytes (stages 

I to III) (Allison et al., 1991). Expression of X e n o p u s  L5 protein and other 

ribosomal proteins during oogenesis coincides with transcription of 18S and 

28S ribosomal RNAs from the nucleoli and ribosome assembly (stages III and 

IV) (Wormington, 1989). During embryogenesis ribosomal protein mRNAs 

are synthesized during gastrulation (stage 11) but are not maximally 

translated until the tailbud stage of development (stages 24 though 28) 

(Pierandrei-Amaldi & Campioni, 1982; Wormington, 1989). However, 

sufficient L5 mRNA translation does occur before this stage and coincides 

with renewed somatic 5S RNA gene expression (Pierandrei-Amaldi & 

Campioni, 1982; Shastry et al., 1984; Wormington, 1989). The L5 protein-5S 

RNA complexes accumulate in a ribosome-free pool that accounts for up to 

fifty percent of cellular 5S RNA (Steitz et al., 1988). Thus, L5 protein 

translation appears to be uncoupled from the synthesis of other ribosomal 

proteins during embryogenesis but coincides with ribosomal protein and 

RNA synthesis in the growing X e n o p u s  oocyte.

Ribosomal 5S RNA is an essential constituent of the large ribosomal 

subunits of prokaryotes and eukaryotes. Although several biological



functions have been ascribed to 5S RNA, its precise role in ribosome rssembly 

and translational fidelity remain unclear. Eukaryotic 5S RNA is found to 

associate with L5 protein and two acidic phosphoproteins, P2 and P3, in the 

60S subunit of rat liver at a ratio of 2:1:1 (P2/P3:L5:5S RNA) (Nendza et al., 

1987). A number of bases within ribosome-bound 5S RNA are solvent 

accessible and located within the interface between the two ribosomal 

subunits (Nyg&rd & Nilsson, 1987; Holmberg et al., 1992). In eukaryotic 

ribosomes, 5S RNA is found to contribute to the elongation factor 2 (eEF-2) 

binding site (Nygard & Nilsson, 1987) and may be involved in activating eEF- 

2-dependent GTP hydrolysis (Figure 1.8). Elongation factor 2 catalyzes the 

translocation of peptidyl-tRNA from the ribosomal A-site to the P-site. In the 

post-translocation state of the ribosome (mimicked by treatment of the 

ribosome with ricin), 5S RNA regions within loops E and D and helix IV 

become available for eEF-2 binding (Holmberg et al., 1992) (Figure 1.8). Both 

helix IV and loop D sequences are protected from chemical or nuclease attack 

upon eEF-2 binding. Thus, 5S RNA may be involved in translocation of the 

growing polypeptide during translation elongation. It has also been suggested 

that base pair interaction between 5S RNA in the 60S subunit and 18S RNA 

in the 40S subunit may contribute to ribosome assembly (Sarge et al., 1991). 

Thus, 5S RNA appears to play a crucial role in the assembly and function of 

the eukaryotic ribosome.
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Figure 1.8 Interaction of eukaryotic 5S RNA v/ith other components of the 

ribosome. (A) The binding site of yeast YL3 protein on rat 5S RNA. Boxed 

regions indicate sites of protection from chemical modification, while the 

region enclosed with dashes identifies sequences further protected on the 

yeast 5S RNA (Nazar & Wildeman, 1983). (B) Region of 5S RNA involved in 

ribosome translocation. Sequences with increased accessibility in ricin-treated 

(post-translocative) ribosomes are denoted with an 'R', while sequences 

protected by eEF-2 binding in ricin-treated ribosomes are shown by an 'R+' 

(Holmberg et al., 1992).



Chapter 2.0 Interaction of TFIIIA with the 5S RNA gene
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2.1 Introduction

2.1.1 Structural properties of the 5S RNA gene

There are four types of 5S RNA gene within the X e n o p u s  genome. 

These include the somatic, oocyte, trace-oocyte, and pseudo 5S RNA genes 

(Figure 2.1). Studies using somatic 5S RNA gene deletion mutants initially 

defined the minimal sequence of the internal promoter required for 

transcription initiation as base pairs +50 to +83 (where +1 denotes the site of 

transcription initiation) (Bogenhagen et al., 1980; Sakonju et al., 1980). 

Similar studies using a series of point mutants extended this internal control 

region (ICR) from base pairs +45 to +97 (Pieler et al., 1985a; McConkey & 

Bogenhagen, 1987). The ICR is tripartite in structure, consisting of box A (+50 

to +64) and box C (+80 to +97) elements flanking a small intermediate clement 

(+67 to +72) (Pieler et al., 1985b; Pieler et al., 1987; You et al,, 1991). Spacer 

regions between these promoter elements are quite tolerant to changes in 

sequence (Pieler et al., 1985b). The box A sequence is homologous to the box 

A or D-control region of tRNA genes (Ciliberto et al., 1983), while the 

intermediate and box C elements are specific to the 5S RNA gene. Similarity 

between promoter elements of 5S RNA and tRNA genes is not surprising, as 

they share common transcription factors (Shastry et al., 1982; Lassar et al., 

1983).

TFIIIA recognizes both RNA and DNA helical conformations, 

therefore, considerable interest exists as to the structure of the internal control 

region of the 5S RNA gene. Similarity to A-form DNA may indicate a 

common mechanism of TFIIIA recognition and binding to both nucleic acids. 

In contrast, TFIIIA interaction with RNA and DNA may be fundamentally
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Figure 2.1 Sequence of the X e n o p u s  5S RNA genes. The non coding DNA 

strand is shown. A dash indicates identical base sequence at that position. 

The tripartite internal control region is shaded and base pairs that influence 

transcription complex activity are outlined. The arrow denotes the start site 

of transcription and RNA synthesis terminates within the thymidine tract 

centered at position +120 .



different if the ICR adopts a B-DNA structure. Contradictory results have 

been obtained from a number of independent studies. X-ray crystallography 

of a DNA fragment containing the box C element and enzymatic nuclease 

digestion of the intact gene have given support to an A-DNA structure 

within the internal promoter of the 5S RNA gene (McCall et al., 1986; Rhodes 

& Klug, 1986). However, circular dichroism and NMR analyses indicate that 

the 5S RNA gene promoter adopts a B-DNA conformation (Gottesfeld et al., 

1987; Aboul-ela et al., 1988; Huber et al., 1991a) or a conformation 

intermediate between A-form and B-form DNA (Fairall et al., 1989). An 

analysis of a variety of zinc finger protein-DNA complexes has identified a 

characteristic DNA structure with an enlarged major groove (Nekludova & 

Pabo, 1994) (Figure 2.2A). This DNA structure is different from classical A- 

DNA and B-DNA conformations and may be an independent form of DNA 

often present within protein binding sites. Spectroscopic and chemical 

probing of the 5S RNA gene suggest that such a structural polymorphism 

exists within the TFIIIA binding site (Fairall et al., 1989; Huber et al., 1991b) 

(Figure 2.2B). Sequence-dependent major groove widening centered at: 

positions +46, +53, +59, +64, +70, +81, +87, +92, and +96 could allow zinc finger 

entry and base recognition within the promoter. Thus the zinc fingers of 

TFIIIA can interact with B-DNA, that may contain local structural 

polymorphism, and A-type RNA.

2.1.2 Interaction of TFIIIA with the 5S RNA gene

TFIIIA interacts with the internal promoter of the 5S RNA gene in a 

one to one ratio (Bieker & Roeder, 1984; Romaniuk, 1990), This interaction 

may be cooperative as suggested by gel mobility shift (Daly & Wu, 1989), and 

DNase I protection (Hanas et al., 1983b) analyses. TFIIIA binding affinity is
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Figure 2.2 Structural polymorphism in the internal promoter of the 5S RNA 

gene. (A) Enlarged major groove structure in the DNA binding sites of 

regulatory proteins (Nekludova & Pabo, 1994). (B) Local regions of major 

groove widening within the X e n o p u s  5S RNA gene promoter. Boxed 

sequence denote regions of the DNA sequence exhibiting major groove 

widening (Huber et al., 1991b).



identical for both oocyte and somatic forms of the 5S RNA gene (Xing & 

Worcel, 1989a). The association constant for TFIIIA-oocyte 5S RNA gene 

complex formation at 22°C in a buffer containing 0.1 M salt at pH 7.5 is 1.9 x 

10^ M"1 (Romaniuk, 1990). The binding interaction is largely enthalpy driven 

at temperatures above 19°C (AG=-12.4 kcal/mol, AH=-12.1 kcal/mol, and 

AS=+1.23 cal mol'1 deg'1 at 22°C) and entropy driven at lower temperatures 

(AG=-11.6 kcal/mol, AH=-0.1 kcal/mol, and AS=+42.3 cal mol' 1 deg'1 at 0°C). 

The complex exhibits a half life of 15.6 minutes and has a broad pH optimum 

ranging from six to eight (Romaniuk, 1990). TFIIIA-5S RNA gene complex 

stability is maintained at a divalent cation (Mg2+) concentration of 5 mM but 

appears to be insensitive to the identity of the monovalent cation present in 

the binding buffer. In contrast, TFIIIA binding is strongly dependent on the 

identity of the anionic species (Romaniuk, 1990). This may indicate that there 

are a number of specific anion-binding sites on the TFIIIA surface and as 

many as eight lysine-phosphate type ionic bonds formed within the TFI1IA-5S 

RNA gene complex. Chemical modification studies have identified eight 

phosphates within the internal promoter that are essential for TFIIIA 

association (Sakonju & Brown, 1982).

Binding of TFIIIA to the 5S RNA gene alters the helical linking 

number of the 5S RNA gene by 0.2 to 0.4 helical turns (Reynolds & Gottesfeld, 

1983; Sekiguchi et al., 1990). This effect could result from a local denaturation 

of DNA base pairing or from DNA wrapping about a protein core. The helical 

conformation of the 5S RNA gene does not appear to alter significantly upon 

TFIIIA binding (Gottesfeld et al., 1987; Huber et al., 1991a). However, there is 

evidence for TFIIIA-induced bending within the internal promoter. Electron 

spectroscopic imaging suggests that, in the presence of TFIIIA, approximately 

60 base pairs of the 5S RNA gene is distorted into a hairpin-shaped structure



extending about 9.5 nm out from the flanking DNA and 5.2 nm along the 

helical axis (Bazett-Jones & Brown, 1989). In comparison, the extended ICR is 

greater than 17.5 nm (175A) in length. Circular permutation analysis, which 

identifies protein-induced DNA bends, located the bend site to within the 

internal promoter of the oocyte and somatic forms of the 5S RNA gene 

(Schroth et al., 1989; Schroth et al., 1991). The degree of bending may be ionic 

strength-dependent, with a DNA bend of 25° to 30° under low ionic strength 

conditions (less than 20 mM) and about 60° to 65° in higher ionic strength 

buffers (45 to 90 mM) (Schroth et al., 1991). This apparent dependence on the 

ionic strength conditions may explain conflicting results on the existence of 

TFIIIA-induced DNA bending (Zwieb & Brown, 1990). Bending within the 5S 

RNA gene promoter region may be necessary for high affinity TFIIIA 

interaction due to the short linker sequences between zinc fingers five and six 

and between fingers six and seven (Miller et al., 1985; Berg, 1990). 

Alternatively, bending of the internal promoter may also be required for 

assembly of a functional transcription complex. Zinc(II) itself induces a 

significant local bend of about 55° in the 5S RNA gene centered at base pair 

+65 (Nickol & Rau, 1992). This effect is specific for zinc, requiring a metal ion 

concentration of only 5 pM, and may be caused by joint coordination of the 

metal ion to the N 7 atoms of stacked purine bases. The relationship between 

the metal and protein-induced bends within the ICR is unclear. However, it 

is possible that zinc induces nnique bend conformation within the ICR 

(requiring approximately 2 kcal/mole 5S RNA gene) that is further stabilized 

by TFIIIA association.

Studies using substitution mutants of the 5S RNA gene indicate that 

TFIIIA interacts with the internal promoter primarily at three contact regions 

that correspond to the three functional promoter elements identified by



transcription complementation studies (You et al., 1991) (Figure 2.1). The 

contribution to complex formation by these three protein-DNA contact points 

is not equivalent (Sakonju et al,, 1981; You et al., 1991). Mutations within the 

box C region of the X e n o p u s  5S  RNA gene severely affect TFIIIA binding and 

assembly of a functional transcription complex, while changes in the 

sequence of box A or the intermediate element result in moderate effects on 

TFIIIA association and 5S RNA transcription (Sakonju et al., 1981; Pieler et al., 

1985a; McConkey & Bogenhagen, 1987; You et al., 1991). These latter two 

elements may function in correctly aligning the TFIIIA molecule along the 

ICR once a high affinity association with the box C promoter element has 

been established. It appears that different functional roles may exist for zinc 

fingers of TFIIIA and individual promoter elements within the ICR that help 

establish a biologically active TFIIIA-5S RNA gene complex.

Current experimental evidence is consistent with the existence of 

multiple energetically favorable contacts between TFIIIA and the 5S RNA 

gene. Experiments using a bacterially expressed polypeptide containing the 

first three fingers of TFIIIA showed that: these N-terminal fingers interact 

with an affinity similar to that observed with intact TFIIIA (Christensen et al,, 

1991; Liao et al., 1992), These results supported earlier studies using truncated 

TFIIIA mutants produced in a celFfree translation system (Vrana et al., 1988). 

Recently, 'broken finger1 mutants of TFIIIA, in which a coordinating 

histidine was replaced with asparagine, exhibited a more complex pattern of 

zinc finger contribution to the DNA binding energy (Del Rio el al,, 1993a), 

Fingers three and four contribute a large part towards complex formation, 

while disruption of fingers one or two had moderate effects on the free energy 

of binding, It was proposed that disrupting a zinc finger in TFIIIA may be 

compensated for energetically by the remaining fingers (Del Rio et al,, 1993a),



In this respect, the contribution made by each finger to DNA binding by 

TFIIIA may not be correctly determined by analysis of truncation mutants 

(Clemens et al., 1994). However, both experimental techniques point to a 

significant contribution by all zinc fingers, either positive or negative, to the 

free energy of DNA binding (Del Rio et al., 1993a; Clemens et al., 1994).

Two alternate models were originally proposed for the interaction of 

TFIIIA with the 5S RNA gene (Fairall et al., 1986) (Figure 2.3). In one model, 

successive zinc fingers follow the path of the major groove of DNA with each 

finger presenting the same contact surface to the base sequence. The second 

model proposed that TFIIIA bound to one side of the DNA helix, with 

successive fingers presenting different contact surfaces to the DNA base pairs. 

Electron spectroscopic imaging of TFIIIA-5S RNA gene complexes shows the 

protein and DNA components as being 'interspersed' (Bazett-Jones & Brown, 

1989). This suggests that a more complex arrangement of components may 

exist than the above models predict.

A number of nuclease and chemical protection studies using full 

length and truncated forms of TFIIIA suggest that the TFIIIA-DNA complex 

may include characteristics from both of these early models. TFIIIA is 

proposed to interact with the internal promoter primarily along one face of 

the DNA helix. The new interaction models differ mainly in the 

organization of the middle three fingers of TFIIIA along the central region of 

the ICR (Figure 2.4). All recent models place the first three fingers of TFIIIA 

within the major groove of the box C promoter element (Vrana et al., 1988; 

Christensen et al., 1991; Clemens et al., 1992; Fairall & Rhodes, 1992; Hayes & 

Clemens, 1992; Hayes & Tullius, 1992; Liao et al., 1992; Hansen et al., 1993; Del 

Rio et al., 1993a; Clemens et al., 1994). The extended protein then crosses the 

minor groove at base pair positions +78 to +79 (all positions unless otherwise



stated refer to the non coding strand of the 5S RNA gene) (Clemens et al., 

1992; Fairall & Rhodes, 1992; Hayes & Clemens, 1992; Hayes & Tullius, 1992). 

This may be accomplished either by the linker sequence between fingers three 

and four (Churchill et al., 1990; Kochoyan et al., 1991d; Fairall & Rhodes, 1992) 

(Figure 2.4B) or by finger four itself (Clemens et al., 1992; Hayes & Clemens, 

1992; Hayes & Tullius, 1992; Hansen et al., 1993; Del Rio et al., 1993a; Clemens 

et al., 1994) (Figure 2.4A). Finger five alone (Clemens et al., 1992; Hayes & 

Clemens, 1992; Del Rio et al., 1993a; Clemens et al., 1994) or in combination 

with finger four (Fairall & Rhodes, 1992) contacts base pairs within the major 

groove of the intermediate promoter element. A second minor groove 

crossover at base pair position +65 to +67 occurs, with finger six aligned 

parallel to the DNA helical axis (Clemens et al., 1992; Fairall & Rhodes, 1992; 

Hayes & Clemens, 1992; Hayes & Tullius, 1992; Clemens et al., 1994) (Figure 

2.4A and B). The remaining C-terminal three fingers follow the path of the 

major groove within the box A promoter element (Vrana et al., 1988; 

Clemens et al., 1992; Fairall & Rhodes, 1992; Hayes & Clemens, 1992; Hayes & 

Tullius, 1992; Clemens et al., 1994). One recent model attempts to account for 

the observed TFIIIA-induced DNA bending within the ICR by placing fingers 

one through five in the major groove from position +75 to +92 and fingers 

seven through nine from position +46 to +58 (Berg, 1990) (Figure 2.4C), The 

sixth finger is proposed to lie approximately parallel to the helical axis 

centered at position +67. Due to the short linkers between fingers five and six 

and between six and seven, TFIIIA binding would necessitate bending the ICR 

around position +67. However, with the N-terminal zinc fingers wrapped 

around one and a half to two turns of DNA it is difficult to envision how 

TFIIIA could partially dissociate and reassociate during DNA strand 

separation and RNA transcription through the ICR.
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Figure 2.3 Proposed models for the interaction of a multi-zinc finger protein 

with the major groove of DNA (Fairall et al., 1986).
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Figure 2.4 Models for the interaction of TFIIIA with the internal promoter of 

the 5S RNA gene. (A) Interaction model based on primer extension and 

oligonucleotide binding analysis (Clemens et al., 1992). (B) TFIIIA-DNA 

complex based on enzymatic nuclease analysis (Fairall & Rhodes, 1992). (C) 

Interaction model designed to account for possible promoter bending by 

TFIIIA (Berg, 1990).



Nuclease and chemical footprinting of TFIIIA on the ICR identify a 

region of protection extending from +44-+45 to +95-+97 and +40-+42 to +98, 

respectively (Churchill et al., 1990; Fairall & Rhodes, 1992; Hayes & Clemens, 

1992; Hayes & Tullius, 1992). Differences in the footprints obtained with 

DNase I and hydroxyl radicals reflect the difference in size and reactivity of 

the probes. DNase I exhibits sequence specificity and can displace portions of 

DNA-associated protein that have weak affinity (Clemens et al., 1994). 

Hydroxyl radicals are not sequence specific but are sensitive to alterations in 

DNA minor groove structure and tend to identify regions of the DNA 

backbone protected from the solvent by protein (Churchill et al., 1990). Both 

probes cut across the minor groove and could be partially excluded by protein 

interactions in an adjacent major groove of DNA (Del Rio et al., 1993a). Thus, 

neither probe directly identifies base pairs contacted by TFIIIA but rather the 

region of the ICR where the TFIIIA protein is in close proximity to the DNA.

The base pair contact region appears to be smaller than the TFIIIA 

footprint, extending from +50 to +92 (Hayes & Tullius, 1992). There is a 

stronger interaction between TFIIIA and the non coding strand than with the 

coding strand of the 5S RNA gene (Sakonju & Brown, 1982; Churchill et al., 

1990; Hayes & Tullius, 1992). The location of individual zinc finger 

interaction sites within this region of the ICR have been identified using 

truncated mutants of TFIIIA (Vrana et al., 1988; Christensen et al., 1991; 

Clemens et al., 1992; Hayes & Clemens, 1992; Liao et al., 1992; Hansen et al.,

1993). Fingers one through three are situated within the box C promoter 

element from position +77-+79 to +95-+96 when probed with DNase I 

(Christensen et al., 1991; Clemens et al., 1992; Liao et al., 1992; Clemens et al.,

1994) and from position +79 to +90 when probed with hydroxyl radicals (Vrana 

et al., 1988; Hayes & Clemens, 1992) (Figure 2.4A and B). Primer extension



and oligonucleotide binding studies suggest that the N-terminal three fingers 

directly contact base pairs +79 to +92 (Clemens et al., 1992; Liao et al., 1992). In 

addition, 'broken finger’ mutations within TFIIIA suggest that finger one 

interacts with positions +93 to +97, finger two with positions +86 to +87, and 

finger three with positions +76 to +78, as determined by DNase I protection 

(Del Rio et al., 1993a). Chemical crosslinking places finger two and the linker 

sequence between fingers two and three within the major groove at positions 

+84 and +88 (Lee et al., 1991b), while a missing nucleoside analysis identifies 

position +88 as a non-contact base pair between two contact regions (Hayes & 

Tullius, 1992). The latter study suggests that three contact regions are centered 

at positions +81, +84.5, and +90 on the coding strand (Hayes & Tullius, 1992). 

Recently, computer modeling of the N-terminal fingers of TFIIIA was 

performed based on the X-ray crystallographic structure of a three-finger 

protein, Zi/268 (Hansen et al., 1993). This model predicts base contacts 

between finger one and positions +88 through +89, finger two contacts with 

positions +83 through +85, and finger three contacts to positions +81 and +82, 

An earlier sequence analysis predicted fingers one and two interact with the 

box C element at positions +81 to +86, but also suggested that finger three does 

not make sequence specific contacts with the ICR (Klevit, 1991). The 

combination of these results indicates that the N-terminal three fingers of 

TFIIIA interact with base sequence through one complete turn of the DNA 

major groove.

The C-terminal three fingers of TFIIIA interact with the box A 

promoter element from positions +49 to +58 as determined by DNase I 

footprinting (Fairall & Rhodes, 1992) and positions +49-+50 to +57 as 

determined by hydroxyl radical footprinting (Clemens et al., 1992; Hayes & 

Clemens, 1992) (Figure 2.4A and B). Primer extension and missing nucleoside



analysis suggest that base pairs from positions +50 to +62 contribute to ICR 

interaction with zinc fingers seven through nine (Clemens et al., 1992; Hayes 

& Tullius, 1992). Additional interactions between the C-terminal domain of 

TFIIIA and base pairs +44 to +48 have also been observed (Hayes & Clemens,

1992). Finger nine occupies a region of the ICR extending from position +49 to 

+51, while fingers seven and eight are located at positions +52 to +57 (Hayes & 

Clemens, 1992). Sequence analysis suggests that these three zinc fingers 

contact base pairs from position +51 to +59 (Klevit, 1991). Together, these 

results support an interaction of the C-terminal zinc fingers of TFIIIA with 

base sequence through one complete turn of the DNA major groove. The 

interaction of the C-terminal fingers with different base sequences within the 

oocyte and somatic forms of the 5S RNA gene may be responsible for 

differences in TFIIIA-DNA complex structure and transcription complex 

activity (Xing & Worcel, 1989a). Base pair identity at positions +53, +55, and 

+56 within the box A promoter element direct the formation of structurally 

distinct complexes with TFIIIA that are differentially bound by TFIIIC (Xing & 

Worcel, 1989a; Keller et al., 1990; Keller et al., 1992). The fully assembled 

transcription complex on the somatic 5S RNA gene appears to be 50 times 

more efficient than that assembled on the oocyte-type gene (Millstein et al., 

1987; Wolffe & Brown, 1987; McConkey & Bogenhagen, 1988).

The central region of the ICR is protected from the solvent by TFIIIA at 

positions +67 to +75, with the strongest protection centered at +74.5 on the 

coding and +69 on the non coding strand (Hayes & Tullius, 1992). This 

staggered pattern suggests protection of both strands across the major groove 

along one face of the DNA helix. Finger four contacts the DNA backbone just 

outside this region at position +80 and is influenced by base sequence from 

position +79 to +71 (Clemens et al., 1992; Hayes & Clemens, 1992). However,



finger four does not appear to interact directly with base pairs in the major 

groove of the ICR, as suggested by accessibility of guanines at +75 and +78 to 

methylation (Sakonju & Brown, 1982). In addition, finger four exhibits weak 

association with DNA when located as the C-terminal finger of a TFIIIA 

truncation mutant (Clemens et al.,. 1994). Finger five contacts base pairs in the 

DNA major groove at positions +68-+70 to +71 (Clemens et al., 1992; Hayes & 

Clemens, 1992; Del Rio et al., 1993a). Finger six is influenced by base pair 

sequence from positions +66 to +69 and also from positions +58 to +56 one 

helical turn away (Clemens et al., 1992; Hayes & Clemens, 1992). Similar to 

finger four, finger six participates in weak interactions with the DNA when 

present as the C-terminal finger (Clemens et al., 1994). Thus, the central 

region of the ICR is protected on one face of the DNA helix by three zinc 

fingers with a few base contacts made to the intermediate promoter element 

(Sakonju & Brown, 1982).

In a collaborative study with Dr. David Setzer's laboratory at Case 

Western Reserve University, the contribution of individual base pairs within 

the box C and intermediate promoter elements to the overall interaction of 

X e n o p u s  TFIIIA with the X e n o p u s  borealis somatic-type 5S RNA gene was 

investigated using a nitrocellulose filter binding assay (Figure 2.5). In 

addition, a selected amplification and binding (SAAB) assay (Blackwell & 

Weintraub, 1990) was performed to identify box C sequences, from positions 

+78 to +95, that bind with high affinity to TFIIIA (Figure 2.5). Dr. Setzer's 

laboratory provided the single base pair substitution mutants of the box C and 

intermediate promoter elements, while Dr. Romaniuk’s laboratory provided 

the synthetic ICR for SAAB analysis. Single base pair substitutions at position 

+70 within the intermediate element and at positions +78 through +87 within 

the box C element were assayed for their effects on TFIIIA binding by Qimin
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You. The SAAB analysis and the effects of the remaining 5S RNA gene 

substitution mutants on TFIIIA binding were performed by myself.

2.2 Materials and Methods

2.2.1 Bacterial strains and DNA vectors

Plasmid pT7-TF, which contains the TFIIIA cDNA from pUC 3al.b 

(Ginsberg et al., 1984) cloned into the N d e l / B a m H l  sites of pT7-7 was 

provided by J. Tso. The N d e l / B a m H l  fragment of pT7-TF was cloned into 

the same site of pET-llb (Studier et al., 1990) to yield pTF4.

The phagemid pST5RD contains the X enopus  borealis somatic-type 5S 

RNA gene from pXbs201 cloned into the H in c  II site of pGP76. Construction 

of this clone and oligonucleotide-directed mutagenesis used to generate the 

series of 5S RNA gene point mutants used in this study were performed in 

the laboratory of Dr. David Setzer at Case Western Reserve University by 

Roberta Hmiel and Shaoyi Liao.

DNA vectors were maintained in E. coli K-12 strain NM522. TFIIIA 

expression from pTF4 was carried out using the E. coli B strain BL21(DE3) 

(F'ompTr'Bm'B)-

2.2.2 Purification of recombinant TFIIIA

Expression and purification of recombinant X e n o p u s  TFIIIA was 

performed as described by Del Rio and Setzer (1991). A 100 ml volume of LB 

media containing 50 pg /m l ampicillin was inoculated with 1 ml of an 

overnight culture of E. coli BL21(DE3) containing the pTF4 expression 

plasmid, The culture was grown at 37°C with shaking at 300 rpm to an 

O.D .600 of between 0.4 and 0.6. TFIIIA protein synthesis was induced with the 

addition of ZnSC>4 to 50 [iM and IPTG to 1 mM final concentration. Cells



were harvested following a further four hour incubation by centrifugation at 

3800 x g for ten minutes in a Beckman JA-14 rotor and washed once with 5 ml 

of buffer A (20 mM Na+Hepes pH7.4, 5 mM MgCl2, 5 mM DTT, 50 pM Z11SO4, 

10% glycerol) containing 250 mM NaCl. The induced cells are pelleted once 

more at 3800 x g for ten minutes in a Beckman JA-20 rotor and resuspended 

in 4 ml of buffer A containing 250 mM NaCl and 1 mM PMSF. Sonication 

was performed using a microtip sonicator (Heat Systems-Ultrasonics W-385) 

at setting four and 50% duty cycle for 6 x 20 second intervals with one minute 

cooling between each pulse. The cell sample was immersed in an ethanol-ice 

bath during the sonication procedure. All subsequent handling of the cell and 

protein samples was carried out at 4°C unless otherwise stated. The oonicate 

was centrifuged for ten minutes at 12000 x g in a Beckman JA-20 rotor. The 

pellet was resuspended in 1 ml buffer A containing 250 mM NaCl, 1 mM 

PMSF, and 5 M urea and mixed by inversion overnight (16 hours).

The extract was centrifuged in a microcentrifuge at 14000 rpm for 20 

minutes and the supernatant (approximately 1 ml) saved. Buffer A 

containing 250 mM NaCl, 1 mM PMSF, 5 M urea, and saturated with 

(NH4)2S0 4  at 4°C was added to bring the sample to 40% (NH4)2S0 4  (v/v) 

which was then mixed by inversion for one hour. Precipitated proteins were 

pelleted by centrifugation for 20 minutes at 12000 x g in a Beckman JA-20 and 

the pellet discarded. Additional (NH4)2SC>4-saturated buffer A was added to 

the 40% supernatant to achieve 80% saturation (v/v) and the sample mixed 

by inversion for one hour. Proteins were pelleted by centrifugation for 20 

minutes at 12000 x g and the supernatant discarded. The protein pellet was 

redissolved in 10 ml buffer A containing 250 mM NaCl and 5 M urea. This 

protein preparation was applied to an 800 pd BioRex 70 (BioRad) column pre­

equilibrated in buffer A containing 250 mM NaCl and 5 M urea. The loaded



column was washed with 1 ml of loading buffer followed by 700 (ul of buffer A 

containing 400 mM NaCl and 5 M urea. TFIIIA was eluted from the column 

with 800 pi buffer A containing 600 mM NaCl and 5 M urea and stored at 4°C. 

The concentration of TFIIIA purified by this method ranged from five to 15 

pM. The nucleic acid binding activity of TFIIIA stored at 4°C gradually 

decreases over one week and is optimal within four days of purification. 

Alternatively, the purified TFIIIA fraction was aliquoted and stored at '70°C, 

where its nucleic acid binding activity was found to remain stable for up to 

two years. Protein concentration and purity were determined by the method 

of Bradford (1976), with bovine serum albumin as a standard, and by 15% 

SDS-polyacryl 'mide gel analysis, respectively (Figure 2.6).

2.2.3 PCR-based labeling of the 5S RNA gene

The 5S rRNA gene was internally labeled in a 10 pi PCR reaction 

containing 10 mM Tris-HCl pH 8.3 at 20°C, 1.5 mM MgCl2, 25 mM KC1, 50 

pg/m l gelatin, lng  template DNA, 150 pmol each of dTTP, dGTP, and dCTP, 5 

pmol dATP, 6.6 pmol (20 pCi) [a32P]-dATP (Dupont NEN), 0.5 pmol primers 

(550 and 632), and 0,25 units Taq DNA polymerase. Twenty-five rounds of 

thermal cycling were carried out using a denaturation temperature of 94°C 

(1.5 minutes), an annealing temperature of 45°C (1.5 minutes), and an 

extension temperature of 72°C (two minutes). The coding template strand of 

Xbs 5S DNA was primed by oligomer 550 (5'CCCCCAGAAGGCAGCACAAG3'); its 5' 

end corresponds to position *45 upstream of the transcription start site. 

Oligomer 632 (5 AAGCCTACGACACCTGGT3 ) anneals to the non coding template 

strand of 5S DxTA; its 5' end corresponds to position +120. Labeled DNA 

products were purified by electrophoresis on a 9% non-denaturing 

polyacrylamide gel (29:1, acrylamide:bis; 16 x 16 cm x 0.75 mm). Full length
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Internal Control Region

3'  C C G G A C C A A T C A T G A A C C T A C C C T C T G G C G G A
b' G G C C T G G T T A G T A C T T G G A T G G G A G A C C G C C T

Figure 2.5 Location of point mutations and randomized base pairs within the 

X e n o p u s  5S RNA gene internal control region. A series of point mutations 

within the intermediate and box C promoter elements analyzed for TFIIIA 

binding affinity are shown as boxed sequence. The sequence randomized 

within a synthetic ICR for SAAB analysis is underlined. Position +1 denotes 

the start site of transcription.
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Figure 2.6 SDS PAGE analysis of purified recombinant TFIIIA used in the 

present 5S RNA gene promoter analysis.



PCR products were eluted from an isolated gel slice, ethanol precipitated, and 

resuspended in 40 pi of water. The efficiency of radiolabel incorporation was 

measured using a LKB 1214 Rackbeta Scintillation counter and toluene with 

0.4% (w/v) PPO (Sigma) added as scintillant.

2.2.4 Equilibrium binding of TFIIIA to mutant 5S RNA genes

The equilibrium constants for the binding of radioactively labeled 

mutant 5S RNA genes to TFIIIA were determined by using a nitrocellulose 

filter binding assay (Romaniuk, 1985; Romaniuk, 1990). The TMK binding 

reaction buffer contained 20 mM Tris-HCl pH 7.5 at 20°C, 5 mM MgCh, 100 

mM KC1, 100 pg/m l BSA, 1 mM DTT, and 10 pM ZnC^. TFIIIA was serially 

diluted in 180 pi of TMK buffer to give final concentrations ranging from 63 

nM to 0.18 nM and equilibrated at ambient temperature for 10 minutes. The 

assay was initiated with the addition of 10,000 cpm (approximately 0.005 

pmol) labeled 5S RNA gene and 1 pg poly dl-dC (Pharmacia) as a non-specific 

competitor DNA in 20 pi TMK buffer. The binding reactions were 

equilibrated for 20 minutes at ambient temperature and a 180 pi aliquot was 

vacuum filtered through pre-soaked 0,45 pm nitrocellulose filters (Millipore), 

The filters were dried and counted in toluene-based scintillant.

Non-specific retention of labeled DNA on the filters (or background) 

was typically below 15% of input and this value was used to normalize 

measurements of complex formation using the equation: proportion of 

bound DNA=[retained cpm-background cpm]/[total input cpm-background 

cpm]. A minimum of three independent determinations were carried out for 

each mutant DNA, using the wild type X e n op u s  borealis somatic gene as a 

control in each experiment, The values of bound DNA were plotted against 

TFIIIA concentration and fit to a single component pseudo first-order reaction



using Kaleidagraph software (Synergy Software, Reading, PA) for an Apple 

Macintosh computer and the equation: fraction bound = [protein]/[protein] + 

Kd. The apparent dissociation constant (Kd) for each DNA assayed was 

determined from the generated curve. The relative association constant (Ka) 

for each mutant 5S RNA gene was determined by the equation: apparent wild 

type Kd/apparent mutant Kd- The experimental range or error between each 

independent determination was measured using the equation: (highest value 

for the relative Ka-lowest value determined for the relative Ka)/2. The free 

energy of TFIIIA-5S RNA gene complex formation was determined from the 

apparent association constant using the standard Gibbs free energy equation: 

AG°=-RTln(Ka), where T=295.15°K.

2.2.5 Selected amplification and binding (SAAB) assay

The SAAB assay was carried out as described by Blackwell & Weintraub 

(1990) with several minor modifications. The 91 nucleotide long template 

consisted of the non coding strand of the 5S RNA gene from base pair +55 to 

+99, with the sequence of base pairs +78 to +95 randomized (Figure 2.7). 

Unique restriction sites (underlined) were incorporated immediately 

upstream and downstream of the X e n o p u s  sequence. The 5' end of the 

template incorporated the sequence of the M13 universal forward sequencing 

primer, while the 3' end of the template consisted of the sequence 

complementary to the M13 universal reverse sequencing primer.

This template oligonucleotide was converted into double stranded 

DNA using the M13 universal primers. The 40 pi fill-in reaction contained 

NTB buffer (50 mM Tris-HCl pH 7.2, 10 mM MgC12, 1 mM DTF, 50 pg/m l 

BSA), 50 pmol R.U.P., and 11.5 pmol SAAB template. Primer annealing was 

accomplished by incubation at 65°C for five minutes followed by cooling to
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F.U.P +55 +65

GT

EcoRI
Box A IE

+75 +85 +95

GTANMMWMMBIHMMMMlHWMWWB<TGGGCTGCAGGTnRrrAGr.Tr:,rnii? r rT c 3 ' 

Box C *>St 1 ^  R.U.P (comp)

Figure 2.7 The synthetic internal control region designed to identify box C 

promoter elements that bind to TFIIIA with high affinity. Forward and 

reverse universal primer sites are shown flanking a portion of the ICR from 

position +55 to +95. Promoter elements are shaded and the random sequence 

region is outlined,



ambient temperature. The reaction was initiated with the addition of 8  nmol 

each dATP, dCTP, dGTP, and dTTP and 10 units of Klenow (New England 

Biolabs). After 45 minutes at ambient temperature, the enzyme was 

inactivated by incubation at 65°C for five minutes.

The first five selection rounds were performed using the nitrocellulose 

filter binding assay described in section 2.2.4. The TFIIIA concentration was 

maintained at 100 nM and protein-bound DNA was recovered by 

phenol:CHCl3 extraction of the filter and ethanol precipitation with 20 jig 

glycogen (Boehringer) as a carrier. The selected DNA was resuspended in 20 

Jil water. Standard PCR amplification of each selected DNA was carried out 

in a 100 Jil reaction containing 10 mM Tris-HCl pH 8.3 at 20°C, 1.5 mM MgC^, 

25 mM KC1, 50 |ig /m l gelatin, 10 jil selected template DNA, 20 nmol each of 

dTTP, dGTP, dCTP, and dATP, 50 pmol F.U.P. and R.U.P. primers, and 2.5 

units Taq DNA polymerase. Twenty-five rounds of thermal cycling were 

carried out using a denaturation temperature of 94°C (1.5 minutes), an 

annealing temperature of 55°C (1.5 minutes), and an extension temperature of 

72°C (1.5 minutes). The amplified DNA product was phenol:CHCl3 extracted, 

ethanol precipitated with 20 jig glycogen, and resuspended in 20 jil water. A 

10 jil aliquot was used for further rounds of selection.

The DNA template selected from the final filter binding selection was 

radiolabeled in ? 40 jil fill-in reaction containing NTB buffer, 40 pmol each of 

F.U.P. and R.U.P., 10 jil amplified DNA template, 8 nmol each dCTP, dGTP, 

and dTTP, 40 jiCi [a-32P]-dATP, and 10 units Klenow. The labeling reaction 

was incubated at ambient temperature for 45 minutes and chased with 8 nmol 

dATP for five minutes. The enzyme was inactivated by incubation at 65°C for 

five minutes and the reaction then loaded onto a 9 % non-denaturing 

polyacrylamide gel (29:1, acrylamide:bis; 16 x 16 cm x 0.75 m m )) and separated



from unincorporated nucleotide at 250V. Labeled DNA was identified by 

autoradiography of the wet gel and eluted from a gel slice overnight 

(Sambrook et al., 1989). The purified DNA was ethanol precipitated without 

carrier and resuspended in 15 pi water.

The next three rounds of selection were performed using a gel 

retention assay. The TFIIIA concentration was sequentially reduced to 25 nM, 

3 nM, and 1.5 nM. The 30 pi binding reactions contained 20 mM Tris-HCl pH

7.5 at 20°C, 70 mM NH4CI, 7 mM MgCl2, 0.1% NP-40, 10 pM ZnCl2, 2.5 mM 

DTT, 100 pg /m l BSA, 6 % glycerol, 1 pg poly dl-dC (Pharmacia), 50,000 to

100,000 cpm (approximately 1.5 pmol) of radiolabeled DNA, and TFIIIA at the 

above concentrations. Complex formation was allowed to proceed at 22°C for 

20 m inutes and the reaction was loaded onto a 5 % non-denaturing 

polyacrylamide gel (29:1, acrylamideibis; 16 cm x 16 cm x 0.75 mm) at 4°C and 

electrophoresed at 300V in a buffer containing 27 mM Tris-borate pH 7,5, and 

0.6 mM EDTA until the bromophenol blue dye marker was 7 cm from the 

bottom. (The gel was initially pre-electrophoresed at 4°C for 30 minutes prior 

to loading.) Protein-bound DNA was identified by autoradiography of the wet 

gel with an intensifying screen at ambient temperature for 90 minutes and 

eluted from a gel slice overnight (Sambrook et al., 1989). The purified DNA 

was ethanol precipitated with 20 pg glycogen carrier and resuspended in 20  pi 

water. The selected DNA was amplified in a standard PCR reaction and 

labeled by fill-in reaction as described above in preparation for further 

selection. DNA was isolated from the final selection pool in a gel shift assay 

using 5 nM TFIIIA and cloned into the Eco RI and Pst  I sites of p(JCl9. Fifty 

independent isolates were chosen for DNA sequencing.



2.3 Results

2.3.1 Effects of base pair mutations within, the 5S RNA gene on TFIIIA 

binding

The nitrocellulose filter binding assay was used to determine the 

TFIIIA binding affinities for mutant 5S RNA genes. This method identifies 

base pair positions that contribute to the energy of the 5S RNA gene-TFIIIA 

association. Each position on the DNA may influence TFIIIA binding by 

providing an optimal stereo-specific conformation or direct base contact. The 

severity on TFIIIA binding affinity of all substitutions at some base pair 

positions is consistent with the loss of direct base contacts necessary for 

protein binding. However, mutations at other base pair positions lead to 

more moderate reductions in TFIIIA association suggesting either weaker 

forms of direct contact or subtle DNA conformational effects on binary 

complex formation. An example of the effects of 5S RNA gene mutation on 

TFIIIA binding affinity as determined by nitrocellulose filter binding is shown 

in Figure 2.8.

Base pair substitutions from positions +67 to +71 w ithin the 

intermediate element were assayed for TFIIIA binding affinity (Table 2.1). All 

substitutions at GC70 significantly reduced TFIIIA binding affinity, suggesting 

that this position might provide a direct contact site for the protein within the 

central region of the promoter. Changing the base pair identity at GC71 had a 

modest influence on the TFIIIA-5S RNA gene interaction, Substitution 

mutations at positions CG67 to TA69 did not affect TFIIIA binding affinity.

An extensive region within box C is important for high affinity binding 

of TFIIIA to the 5S RNA gene (Table 2.2,). Substitution mutations from 

position +80 to +91 reduced TFIIIA binding affinity to varying degrees. 

Specific sequences within box C that flank this contact region (+78 to +79 and
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Figure 2.8 Sample nitrocellulose filter binding curves of 5S RNA gene 

mutants with recombinant TFIIIA indicating the average of three or more 

determinations.
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Table 2.1 Effects on TFIIIA binding affinity* of 5S RNA gene point mutations 

within the intermediate promoter element .

Base Position A-T

Base Pair Substitution 

C-G G-C T-A

CG67 0.89 ±0.07 • 1.08 ± 0.20 1.09 ±0.18

CG68 1.04 ±0.06 • 1.05 ±0.14 1.07 ±0.03

TA69 0.92 ±0.03 0.95 ±0.15 0.98 ± 0.04 •

GC70& 0.31 ± 0.09 0.25 ± 0.04 • 0.67 ±0.04

GC71 0.64 ±0.11 0.74 ±0.09 • 0.82 ± 0.11

“Determined as the ratio of apparent association constant for the mutant 

nucleic acid to the apparent association constant for the wild type nucleic acid. 

Average of three or more independent determinations. bThis 5S RNA gene 

mutant was assayed by Qimin You.
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Table 2.2 Effects on TFIIIA binding affinity0 of 5S RNA gene point mutations

Base Position A-T

Base Pair Substitution 

C-G G-C T-A

C G7 8 b 1.11 ±0.25 • 1.22 ± 0.10 1.00 ± 0.20

TA79b 1.12 ±0.13 1.12 ±0.13 1.09 ±0,21 •

TA80& 0.44 ±0.17 0.98 ±0.02 0.84 ±0.04 •

GC81& 0.30 ± 0.06 0.13 ± 0.03 • 0.22 ±0.05

GC82& 0.40 ± 0.01 0.54 ± 0.08 • 0.90 ± 0.10

AT83& • 0.70 ± 0.07 0.58 ± 0.04 0.20 ± 0.09

TA84& 0.57 ±0.13 0.39 ±0.10 0.82 ± 0.14 •

GC85b 0.23 ± 0.07 0.23 ± 0.15 • 0,19 ±0.07

GC86b 0,75 ± 0.18 0.35 ±0.14 • 0.43 ± 0.22

GC8 7b 0.49 ±0.08 0.61 ± 0.19 • 0.56 ±0.07

AT88 • ND 0,70 ± 0.06 0.39 ± 0.07

GC89 ND 0.19 ±0.06 • 0.25 ± 0.08

AT90 • 0.90 ± 0.10 0,40 ± 0.02 0.50 ± 0.06

CG91 0.48 ± 0.06 • 0.24 ± 0.05 0.39 ±0.13

CG92 0.99 ± 0.22 • 1,27 ±0.19 1,07 ±0.04

GC93 1.34 ±0.14 1.14±0,16 • 1.06 ± 0.10

CG94 1.02 ±0.19 • 1.13 ±0.09 1.20 ±0,25

CG95 1.14 ±0.04 • 1.06 ±0.05 1.07 ±0,05

TA96 0.90 ±0.14 0.92 ± 0.08 0.94 ±0.10 •

^Determined as the ratio of apparent association constant for the mutant nucleic acid to the 

apparent association constant for the wild type nucleic acid. Average of three or more 

independent determinations, ND (not determined). ^Those 53 RNA gene mutants were assayed 

byQimin You.



+92 to +96) are not required for high affinity interactions with TFIIIA. 

Different base pair substitutions at each position within the central region of 

box C had different effects on TFIIIA binding affinity, which may result from 

sequence-dependent changes in a DNA conformation optimal for binding or 

the loss of contact sites critical for complex formation. The diversity of 

responses to base pair substitution is perhaps best illustrated by comparing 

effects at positions with the same wild type base pair. For example, mutation 

of TA80 or TA84 to a GC base pair result in similar effects on TFIIIA 

interaction, while substitution of a CG base pair at position +84 leads to a 70 

percent reduction in binding affinity, whereas the same change at position +80 

results in no significant alteration in the binding constant (Table 2.2). The 

differential effects of substitution mutations can also be seen for AT base pairs 

at positions +83, +88, and +90. Substitution to GC or TA base pairs at these 

three sites affects TFIIIA binding to varying degrees. The clearest example of 

non equivalent contribution to TFIIIA association can be seen for GC base 

pairs within the box C contact region. The severity of the effects of all 

substitution mutations at positions GC81, GC85, GC89, and CG91 strongly 

support the existence of a role for these base pairs in providing direct base 

contacts to TFIIIA (Table 2.2). In contrast, the effects on TFIIIA binding 

affinity of different substitutions at GC82, GC86, and GC87 vary up to three­

fold and are not the same for each base pair position. Perhaps these three GC 

base pairs influence TFIIIA binding affinity by contributing to an optimal 

DNA conformation within box C.

2.3.2 Identification of high affinity Box C elements within the 5S RNA gene

Sequence specificity of TFIIIA binding was also analyzed using a SAAB 

assay. An ICR template pool, containing randomized sequence within the



box C element from positions +78 to +95, was subjected to repeated rounds of 

TFIIIA selection and amplification. As a group, the DNAs selected for high 

affinity binding to TFIIIA have a consensus sequence from +80 to +92 identical 

to that of the X e n o p u s  wild type 5S gene sequence (Figure 2.9), The selected 

box C consensus sequence also shows strong similarity to the eukaryotic 5S 

DNA consensus sequence identified by Erdmann et al. (1985). The appearance 

of wild type base pairs in the box C selected sequences is more frequent at the 

5' end (+80 to +87) than at the 3' end (+88 to +92). This pattern may result from 

differences in DNA binding affinity of the first three zinc fingers of TFIIIA 

(Del Rio et al., 1993a). Base pairs flanking this recognition sequence (from +78 

to +79 and from +93 to +95) remain relatively unselected in the ICR template 

pool (Figure 2.9). These positions, however, do exhibit a minor degree of wild 

type base pair identity within the selected DNA population and may 

influence promoter recognition by TFIIIA.

Results of the SAAB assay may also reveal a sig' ificant contribution of 

DNA conformation to TFIIIA binding. This is suggested by the apparent 

intolerance to many base pair substitutions within the box C element 

(positions +79, +80, +83, +84, +92, +94, and +95) that result in, at most, minor 

reductions in TFIIIA binding affinity in the nitrocellulose filler binding assay. 

In this respect, the SAAB assay appears to identify the "sequence context" 

necessary for high affinity TFIIIA binding in addition to possible individual 

base pair contacts.

2.4 Discussion

Assembly of an active RNA polymerase III transcription complex on 

the 5S gene requires recognition of the internal control region by TFIIIA. 

Three promoter elements are required for the production of a functional



78 79 80 81 82 83 84 85 86
Sequence Position

87 88 89 90 91 92 93 94 95

A 17 9 1 0 1 50 0 0 5 6 27 12 29 3 6 12 12 9

C
Base
Occurancc

6 17 13 0 0 0 1 0 1 2 2 4 4 39 23 12 21 14

G 12 5 4 50 48 0 6 49 43 33 l i 28 6 2 10 15 9 4

T 14 19 32 0 1 0 41 1 1 7 10 6 11 6 11 11 8 17

SAAB
consensus* N Y T G G A T G G G R R A c Y N c Y

Eukaryotic
consensus* S Y N N G R T G G G N G A c Y N Y N

“Single letter codes are based on IUB nomenclature; R =A orC , Y =C orT , S=C orC . 
^Eukaryotic 5S RNA gene consensus sequence from Erdmann, el al, (19S5),

Figure 2.9 The frequency of base pair occurrence within box C element 

sequences selected by high affinity TFtllA binding. Shown are the bases 

selected on the non coding strand of the 5S RNA gene promoter, identified 

from sequencing fifty clones from the final selection round. The SAAB and 

eukaryotic consensus non coding strand sequences are shown.



transcription complex: the box A; intermediate; and box C elements 

(Bogenhagen et al., 1980; Sakonju et al., 1980; Pieler et al., 1987). TFIIIA makes 

sequence-specific contacts within this internal control region (ICR) at three 

locations: box A (+57 to +62); intermediate (+67 to +70); and box C (+78 to +86 ) 

elements (You et al., 1991). Progressive 5' deletions that remove the box A 

promoter element result in a gradual loss of transcription efficiency and 

corresponding TFIIIA binding ability (Sakonju et al., 1980). In contrast, the 

reduction in transcriptional competency and TFIIIA binding is more severe 

for 3' deletions that enter the box C element (Bogenhagen et al., 1980). 

Clustered substitution mutations within the 5S RNA gene confirm the 

importance of the box C element in TFIIIA binding (You et al., 1991). The 

simultaneous mutation of base pairs +78 to +86 results in a 100-fold reduction 

in transcription factor association. The present study further defines TFIIIA 

contacts within the latter two promoter regions by using an extensive set of 

point mutants of the 5S RNA gene and a quantitative nitrocellulose filter 

binding assay for measuring TFIIIA binding affinity. In addition, box C 

sequences recognized by TFIIIA were isolated and characterized using a SAAB 

analysis.

The effects of point mutations in the 5S RNA gene on TFIIIA binding 

affinity do not differentiate between contacts made to bases located on the 

coding and noncoding DNA strands. A reduction in complex stability due to 

a single base pair substitution identifies that position but not the individual 

base as being important for TFIIIA association. This experimental limitation 

must be kept in mind when interpreting the binding data, However, 

evidence for the involvement of bases on the noncoding strand in TFIIIA 

binding to the internal promoter has been elucidated using a variety of 

methods (Sakonju & Brown, 1982; Lee et al,, 1991b). It is possible that TFIIIA



association with the 5S RNA gene relies predominantly on an extensive set of 

hydrogen bond contacts to bases on this DNA strand.

TFIIIA interacts with two base pair positions (GC70 and GC71) within 

the intermediate promoter element (Table 2.1). Although these contacts have 

previously been identified (Sakonju & Brown, 1982; Fairall et al., 1986), the 

binding data indicate that their contribution to TFIIIA-5S gene complex 

stability is not equivalent. Mutation of GC70 is more deleterious to TFIIIA 

binding affinity than is substitution of the adjacent GC71 base pair. Recent 

studies suggest that zinc finger 5 contacts this base pair doublet in the center of 

the ICR (Clemens et al., 1992; Hayes & Clemens, 1992).

The apparent discrepancy between results obtained using chemical 

modification and substitution mutagenesis of the intermediate element may 

arise from inherent differences between these experimental procedures. 

Methylation of guanine bases within the ICR could negatively influence 

interactions between TFIIIA and base contacts adjacent to the modified 

guanine. The magnitude of such a "neighboring" effect would depend on the 

energetic contribution provided by the adjacent base contact to the overall free 

energy of binding and the degree of steric disruption with introduction of a 

methyl group in the major groove of DNA. Thus, studies based on chemical 

modification of DNA may not allow for an accurate measure of the energetic 

contribution of individual guanine base contacts within a GC-rich binding 

site such as the ICR of the 5S RNA gene. Single base pair substitution analysis 

could provide an advantage in that DNA structure is not likely to be 

significantly perturbed. In this respect, GC71 is shown to provide a small 

contribution to TFIIIA interaction with the interm ediate element. 

Methylation of the guanine base at position +71 may abrogate TFIIIA binding



to GC70 as well as to GC71 resulting in a greater instability in the TFIIIA-5S 

RNA gene complex.

DNase I protection by TFIIIA encompasses residues +46 to +95 of the 5S 

RNA gene (Engelke et al., 1980; Sakonju & Brown, 1982). Functional studies 

using 5S DNA point mutants identified the ICR as including base pairs +50 to 

+97 (Pieler et al., 1985a; Pieler et al., 1985b). However, an investigation of the 

effects of point mutants centered around base pair +90 suggested the box C 

prom oter element of the ICR extends only to CG91 (McConkey & 

Bogenhagen, 1987). TFIIIA contacts within box C have also been defined by 

methylation and ethylation interference. These data showed guanine N7 and 

backbone phosphate contacts extend from TA80 to CG91 (Sakonju & Brown, 

1982). This identification of the box C element boundaries is supported by the 

present point mutant analysis. Base pairs that influence the thermodynamic 

stability of complex formation, either by direct contact or conformational 

restrictions, extend from position +80 to +91. Base pairs within this region are 

also responsible for the high affinity interaction of a truncated polypeptide 

containing only the first three zinc fingers of TFIIIA (Liao et al., 1992). SAAB 

analysis indicates that base identity at position +79 and from positions +92 to 

+94 may influence promoter recognition by TFIIIA, while the mutational data 

indicate these base pairs do not make a significant contribution to the free 

energy of protein binding. Weaker interactions within the box A and 

intermediate promoter elements may serve to correctly align the bound 

transcription factor on the internal promoter, producing a biologically 

functional complex. Oocyte and somatic forms of the 5S RNA gene do exhibit 

base differences at positions +53, +55, and +56 which lead to significant 

differences in TFIIIA-5S DNA complex structure and developmental



regulation of transcription (Wormington et al., 1981; Sakonju & Brown, 1982; 

Xing & Worcel, 1989a).

TFIIIA interacts with the 5S RNA gene with an apparent association 

constant (Ka) of 1.9 x 109M_1 and a Gibbs free energy (AGC) of -12.53 Kcal/mei 

(Romaniuk, 1990). In contrast, non specific DNA binding by TFIIIA has a Ka 

of less than 3.3 x 107M _1 and a AGC of greater than -10.15 Kcal/mol. The 

difference in the free energy of binding (AAGC) of TFIIIA with the internal 

control region compared to non specific DNA is at least -2.38 Kcal/mol. A 

major contribution to this specific DNA binding energy can be attributed to 

interactions between TFIIIA and base sequence from positions +81 to +91 

within the box C promoter element (Table 2.3). A comparison of the change 

in free energy of TFIIIA association with clustered and point substitution 

mutants of the 5S RNA gene was performed to determine the contribution of 

base sequence and DNA conformation to complex formation (Table 2.3). 

Changes in AGC correlate well between the two types of mutants in the 

intermediate element suggesting that individual base sequence positions 

contribute independently to the binding energy. However, there are 

moderate differences in AAGC values for clustered mutants and point mutants 

within the box C element indicating that individual base contributions to the 

free energy of binding are dependent, to some extent, on the sequence context 

presented to TFIIIA. A recognition process that includes contributions from 

DNA context could be important in discrimination by a multi-zinc finger 

protein of the correct promoter sequence from non specific DNA sites that 

may contain a few correctly positioned contact bases.

Chemical m odification, photocrosslinking, and hydroxyradical 

footprinting studies have provided strong evidence for the close association



Table 2.3 Comparison of the change in the free energy of TFIIIA association" 

with clustered and point mutants of the 5S RNA gene.

Clustered

Mutants**
Point Mutants Clustered

Mutants*’

Point Mutants

Base AAGc Base AAGc Base AAGc Base

!
> 

1 
£ 

f j i

Position  (K cal/m ol) Position (K cal/m ol) P osition  (K cal/m ol) Position (K cal/m ol)

Interm ediate Elem ent Box C Element

67 -0.04±0.0003 78 -0.1210.000-1

68 -0,03±0.0002 79 •0.0510.0004

69 +0.05+0.0001 80 N S

70 a 81+0.007 81 + 1.2+0.015

67 - 70 +0,6510,005 su m +0.79+0.007 7 8 -8 1  +1.65+0.03 su m 1 1.0310.015

71 +0,18±0,001 82 +0.3610.003

72 N D 83 N S

7 1 -7 2  -0.16±0.001 su m N D 84 +0.12.1.0,001

85 +0.8610.033

86 +0.6210.013

82 - 86 +2.710.09 su m +1.9610.033

87 +0.4210.003

88 N S

89 N D

90 +0.5410.001

8 7 - 9 0  +0.2610.003 sum +0.9610.003

91 +0.8410,01

92 •0.1410.001

93 -0.0310.0001

94 -0,0710.003

91 -94  +0.2910.006 sum +0,610.01

"Determined as the difference in free energies of TFIIIA binding by the mutant nucleic acid and 

the wild typo nucleic acid. Average of three or more independent determinations. ND (not 

determined), NS (base pair not substituted in the clustered mutation; AACic=0), ^Relative 

binding affinities for the clustered substitution mutants were reported in You et alv /1091.
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Figure 2.10 Summary of the base pair interactions within the intermediate 

and box C promoter elements of the 5S RNA gene. Sequence of the coding 

and noncoding strands from residues +65 to +98 of the 5S RNA gene are 

shown. The effects of point mutations on TFIIIA binding affinity were 

averaged for each base pair and are indicated above the DNA sequence. 

Results obtained using clustered substitution mutations within this region of 

the ICR are also shown (You et al., 1991). Guanine bases that interfere with 

TFIIIA binding when methylated are indicated by boldface letters and DNA 

backbone phosphates that contact TFIIIA are marked by gray circles (Sakonju 

fa Brown, 1982). The sequence protected by an N-terminal peptide of TFIIIA 

containing the first three fingers is underlined (Liao et al., 1992). Thymins 

residues that closely approach TFIIIA are shown in outlined letters (Lee et al., 

1991b). Repeated GC-box sequences within this promoter region are boxed 

(Huber et al., 1991b),



of TFIIIA with the noncoding strand of the ICR (Sakonju & Brown, 1982; 

Churchill et al., 1990; Lee et al., 1991b). Many of the GC base pairs within the 

5S gene promoter that make a significant contribution to TFIIIA binding 

affinity correspond to positions at which methylation of the guanine base on 

the noncoding DNA strand reduces protein binding (positions +81, +82, +85, 

+86, +87, and +89) (Figure 2.10). Reduced TFIIIA binding to the methylated 5S 

RNA gene indicates a prominent role for the guanine N7 atom in protein 

interaction. Strong selection, in the SAAB analysis, of guanine residues 

situated on the noncoding DNA strand at positions +81, +82, +85, +86, +87, and 

+89 also support a role for guanine-specific atoms in promoter recognition 

and binding by TFIIIA. The pattern of hydrogen bond contacts to individual 

guanine residues may vary significantly along the box C element, as suggested 

by the differential effects on TFIIIA binding affinity of point mutations at 

these critical GC base pairs. Selection of the wild type AT base pair sequence at 

other positions within the box C region (+80, +83, and +84) suggest they also 

contribute to the energy of TFIIIA binding, either by providing direct contacts 

or an optimal DNA conformation.

Contradictory evidence exists that the 5S RNA gene adopts an A-form 

DNA conformation (McCall et a l, 1986; Rhodes & Klug, 1986), similar to 5S 

RNA, or a B-form conformation (Gottesfeld et al., 1987; Aboul-ela et al., 1988), 

similar to mixed sequence DNA. However, the 5S RNA gene may be 

structurally heterogeneous, with a conformation intermediate to both 

classical DNA structures (Fairall et al., 1989; Huber et ah, 1991a; Huber et ah, 

1991b). This structural hete ^erHfcy has been suggested to arise due to the 

periodic positioning of GC-rich sequence clusters along the ICR (Figure 2,213) 

(Huber et ah, 1991a; Huber et ah, 1991b), Such conformational heterogeneity 

could provide additional information for the recognition and binding of



individual zinc fingers of TFIIIA to the 5S RNA gene. A sequence-dependent 

local DNA conformation required for zinc finger binding may explain 

selection of native 5S DNA base sequence within the region +79 to +94 at 

positions that do not provide energetically significant contributions to TFIIIA 

binding. AT base pairs selected at positions +79, +80 and +84, as well as CG 

base pairs at +92 and +94, could help form the local conformation necessary for 

correct TFIIIA zinc finger positioning in the major groove (Figure 2.9). 

Pyrimidines are also found at these latter positions on the non coding strand 

in the 5S DNA consensus sequence that includes the 5S RNA genes from 

highly divergent organisms, such as Drosoph i la  and man (Erdmann et al., 

1985). Thus, specific DNA conformation, as well as direct base-specific 

contacts, may help position individual zinc fingers within the box C binding 

site and align TFIIIA correctly along the ICR.

X-ray crystallographic structures of the zinc finger DNA binding 

domains of Z i f l 6 S  (Pavletich & Pabo, 1991), GLI (Pavletich & Pabo, 1993), and 

Tramtrack (Fairall et al., 1993) complexed with their respective target DNA 

sites have been determined. Comparison of individual zinc finger 

interactions with DNA suggests that no simple rules for determination of 

zinc finger-DNA contact patterns exist. However, from these few examples, 

Structural parameters of both DNA and zinc finger proteins can be identified 

that contribute to binding site specificity and protein affinity. DNA subsites 

contacted by individual zinc fingers range from three to five bases and may 

overlap (Tramtrack), abut (Z//268), or be spaced apart (GLI). A single zinc 

finger can interact with bases on one (Z//268) or both (GLI) DNA strands 

within a subsite. DNA conformation can also play a major role in binding 

site specificity by adopting a unique structure that provides critical base and 

phosphate backbone contacts (Fairall et al., 1993; Pavletich & Pabo, 1993).



Amino acid residues at positions '1, +2, +3, +5, and +6, relative to the start of 

the a-helical region within a zinc finger, can be used to contact DNA bases. 

Differences in the amino acid sequences of zinc fingers result in a variety of 

base contact patterns that may be difficult to predict through modeling 

studies. The pattern of phosphate contacts made by each finger can exhibit 

even greater variability. This allows zinc fingers to be functionally distinct, 

with individual fingers making predominantly phosphate or base contacts 

(Pavletich & Pabo, 1993). Thus, although the overall docking of zinc fingers 

onto DNA appears similar, individual differences in DNA subsite 

conformation and zinc finger amino acid sequence can result in marked 

differences in DNA binding specificity. The architecture of the TFIIIA-box C 

interaction may also exhibit unique characteristics, as suggested by a long 

contact region and by footprinting studies with TFIIIA 'broken finger' 

mutants (Del Rio et al., 1993a). Individual TFIIIA finger recognition subsites 

within the box C element could include up to five base pair positions and/or 

include spacing segments.

Studies with truncated mutants of TFIIIA suggest that binding of the 

N-terminal zinc fingers to the box C element provides a major contribution 

to the free energy of complex formation (Vrana et al,, 1988; Liao et al,, 1992; 

Theunissen et al., 1992). Interactions between the C-terminal zinc fingers and 

proximal promoter elements further contribute to the binding energy 

(Churchill et a l, 1990; Clemens et al., 1992). This simple model does not take 

into account possible complex thermodynamic interactions between zinc 

finger interaction sites that could make it impossible to interpret the 

energetics of binding by any particular zinc finger considered in isolation. 

Nonetheless, it appears that the N-terminal zinc fingers of TFIIIA provide 

nonequivalent contributions to the binding energy. Finger three is involved



in strong contacts to the box C element and its removal (Vrana et al., 1988; 

Liao et al., 1992; Theunissen et al., 1992) or disruption (Del Rio et al., 1993a) 

severely reduces TFIIIA-5S RNA gene binding activity. Finger two provides a 

moderate contribution to the free energy of binding and interacts with the 

center of the box C element (Del Rio et al., 1993a). Deletion of the N-terminal 

region or finger one has little effect on TFIIIA binding affinity. These 

apparent energetic differences in zinc finger association can be observed in the 

nonequivalent selection of wild type sequence along the box C element 

(Figure 2.9). Strong selection occurs from +80 to +87, perhaps corresponding to 

the region of finger two and three interaction. Weaker selection from +88 to 

+94 may involve finger one and amino terminal non-finger residues. It is 

interesting to note that three base pair positions within the box C region (+81, 

+85, and +89) provide the greatest individual contribution to the energy of 

binding; it is possible that these mutations identify three separate subsites for 

finger interaction. These positions were also identified as being energetically 

important in a missing nucleoside analysis of the TFIIIA-5S RNA gene 

complex (ITayes & Tullius, 1992).

In summary, TFIIIA interacts strongly with the box C element of the 5S 

gene promoter through multiple contacts to base pairs extending from 

positions +80 to +91. Base pairs flanking this region, at +79 and +92 to +94 also 

influence TFIIIA-5S gene association. It is likely that the N-terminal zinc 

fingers of TFIIIA are involved in this energetically important interaction. 

Locai DNA conformation, as well as critical base contacts, are important in 

promoter recognition by TFIIIA and may function in the alignment of 

individual zinc fingers along the ICR.



Chapter 3.0 Interaction of TFIIIA with 5S RNA
71

3.1 Introduction

3.1.1 General structure of 5S RNA

Since its discovery in 1963, ribosomal 5S RNA has proven to be a 

powerful tool in the study of cellular evolution and RNA-protein interaction. 

Sequence compilation demonstrates that 5S RNA averages about 120 

nucleotides in length and contains few modified nucleotides, with the 

exception of some in eukaryotic species (Wolters & Erdmann, 1988). 

Comparison between the 5S RNA from diverse organisms has provided a 

means for the accurate phylogenetic characterization of many species (Mori & 

Osawa, 1986; Hori & Osawa, 1987). In addition, these studies provide support 

for the endosymbiotic origin of the eukaryotic cellular organelles (chioroplast 

and mitochondria) during evolution (Delihas et al., 1984; Hori & Osawa, 1986; 

Hori & Osawa, 1987).

A minimal secondary structural model was first proposed for 

eukaryotes by Nishikawa and Takemura (1974) and for eubacteria by Fox and 

Woese (1975). Further analysis of an increasing number of 5S RNA sequences 

indicated that characteristic structural differences exist which allows the 

identification of four general types; eukaryotic, mitochondrial, eubacterial 

(including plastids), and archaebacterial (or metabacteria) (Ilori & Osawa,

1987). Sequence alignment, nuclease protection and chemical modification 

analyses suggest that the overall secondary structure for all 5S RNA has been 

strongly conservation throughout evolution (Delihas et al., 1984; Kjems et al., 

1985; Mannella et al., 1987). The calculated free energies (AG°) for most 5S 

RNAs are close to an average of "50 Kcal/mol, with a few exceptions (Delihas 

& Andersen, 1982), These universal structures for 5S RNA each consist of



five helical regions and five loop domains arranged into three arms. For the 

sake of comparison and clarity, helical and loop designations for all 5S RNA 

species discussed will be based on the nomenclature reported by Romaniuk 

(1985) for X e n o p u s  5S RNA (Figure 3.4).

A number of highly conserved nucleotide sequences are found 

dispersed throughout the eukaryotic 5S RNA molecule (Delihas et al., 1984). 

These sequences are found predominantly in the loop domains and at the 

ends of helical regions (Delihas & Andersen, 1982; Kiintzel et al., 1983; Delihas 

et al,, 1984) (Figure 3.1). In contrast, base sequence within the helices can vary 

considerably between species. Base-pair interactions are found to be 

maintained between species by compensatory base changes of paired 

nucleotides lending further support for the existence of universal helical 

regions within 5S RNA. Greater variability exists in the secondary structure 

of helices IV and V of 5S RNA than in helices I, II, and III (Kiintzel et al., 

1983; Erdmann et al., 1986). Notable differences between eukaryotic and 

eubacterial 5S RNAs include the length of helix V and the possible existence 

of non-Watson-Crick base pairing within loop E and helix V (Stahl et al., 1981; 

de Wachter et al., 1982; Delihas & Andersen, 1982; Erdmann et al., 1986; 

Wolters & Erdmann, 1988).

Loop E is a region of considerable interest as it appears to be protected 

from nuclease and chemical attack by ribosomal protein L25 in prokaryotic 5S 

RNA (Huber & Wool, 1984) and by TFIIIA and ribosomal protein L5 in 

eukaryotic 5S RNA (Pieler & Erdmann, 1983; Romaniuk, 1985; ITuber & 

Wool, 1986). The conformation of loop E varies considerably between 5S 

RNA species. In E, coli 5S RNA this region exhibits little secondary structure 

(Zhang & Moore, 1989), while in spinach chloroplast 5S RNA loop E contains 

purine-purine base pairs and pyrimidine bases that face the solvent
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(Romby et al., 1988). Non-Watson-Crick base pairing in loop E is also 

observed in yeast, X e n o p u s ,  and B a c i l l u s  5S ENA (Kjems et al., 1985; 

Wimberly et al., 1993). Such differences in the observed secondary structures 

of 5S RNA may reflect magnesium-dependent stabilization of the helix IV- 

loop E-helix V arm (Delihas et al., 1984; Kjems et al., 1985; Zhang & Moore, 

1989). Loop E of Bacillus  5S  RNA in the absence of magnesium is selectively 

destabilized and appears in a single-stranded conformation (Pieler et al., 

1984a). In the presence of the divalent ion, loop E is observed to be highly 

structured (Kjems et al., 1985). Magnesium binding sites within loops B and E 

of spinach chloroplast 5S RNA have been proposed (Romby et al., 1988). The 

structure of the loop E region of X e n o p u s  5S RNA is described in detail in 

section 3.1.2.

Bulged nucleotides occur at highly conserved positions in helix II and 

to a lesser extent helix IV of both eubacterial and eukaryotic 5S RNAs (Kjems 

et al,, 1985), Chemical modification suggests that these nucleotides are in a 

dynamic equilibrium with adjacent positions (de Wachter et al., 1984; Kjems 

et a l, 1985; Westhof et al., 1989). Such extra-helical positions are of interest as 

they may provide critical nucleation sites for the interaction of proteins with 

5S RNA. The bulged nucleotide in helix II of E, coli 5S RNA has been 

implicated in protein L18 recognition (Peattie et al., 1981), Another bulged 

nucleotide critical for protein binding is found within the translational 

operator of the R17 replicase gene (Romaniuk et al,, 1987b), A three 

nucleotide sequence within the loop and a bulged adenosine within the 

helical stem provide the necessary contacts for the binding of the R17 coat 

protein.

Tertiary interactions involving loops C and E have been suggested 

from chemical and nuclease studies of eubacterial (Hancock & Wagner, 1982;



Pieler & Erdmann, 1982; Kjems et al., 1985; Romby et al., 1988) and eukaryotic 

5S RNAs (Bohm et al., 1981; Toots et al., 1982). Base positions 25 and 45 

within loops B and C, respectively, of spinach chloroplast 55 RNA may be 

involved in local tertiary interactions that stabilized the loop structures 

(Romby et al., 1988). Additional studies suggest that loop D of yeast 5S RNA is 

involved in tertiary interactions, possibly with loop B sequence (Kjems et al.,

1985). However, contradictory evidence for the lack of tertiary interactions 

within loops C and E of prokaryotic (Zhang & Moore, 1989) and eukaryotic 

(Westhof et al., 1989; Chow et al., 1992) 55 RNA also exists. The apparent 

discrepencies in the chemical and nuclease protection patterns obtained with 

different 5S RNA species may be due to differences in sequence and/or 

reaction conditions, such as the concentration of divalent cations (Romaniuk 

et al., 1988).

The structural similarity between 5S RNAs from diverse organisms is 

perhaps best illustrated by the ability of heterologous eubactcrial, 

archaebaaerial, and eukaryotic 55 RNA to maintain Bac illu s  SOS ribosomal 

subunit activity in reconstitution experiments (reviewed in Erdmann et al.,

1986). 5S RNA from E, coli, spinach chloroplast, and Bacillus are incorporated 

to produce ribosomes that exhibit wild type levels of activity (Vogel et al., 

1984). The eukaryotic .55 RNA from Saccharomyces also incorporates into the 

eubacterial ribosome but with significantly reduced biological activity. 

Structural conservation is also suggested by the observation that X e n o p u s  

TFIIIA has been found to recognize and bind to 58 RNAs from X enopus  and 

wheat germ and to a lesser extent from /.'. coli (Romaniuk, 1985).

Eukaryotic 5S RNA from somatic cells or the major 55 RNA species 

transcribed in lower eukaryotes differs from 58 RNA isolated from oocytes or 

minor 55 RNA species at several nucleotide positions (Delihas & Andersen,



1982). Some of these nucleotide substitutions are concentrated at sequence 

positions common to eukaryotic 5S RNA such as 12 and 53, while others are 

species-dependant (Figure 3.2). Such oocyte-specific substitutions in 

conserved sequence regions raises the possibility of their importance either in 

the differential expression of the 5S RNA genes or in 5S RNA structure and 

biological activity.

3.1.2 Structure of Xenopus 5S RNA

The secondary and tertiary structures of oocyte and somatic-type 5S 

RNA from X e n o p u s  have been investigated by chemical and nuclease 

analysis alone (Romaniuk et al., 1988) and in combination with computer 

modeling (Westhof et al., 1989; de Stevenson et al., 1991) (Figure 3.3). Both 

X e n o p u s  RNA molecules conform to the consensus secondary structure 

model of 5S RNA, containing five loop regions and five helices. However, 

local loop and helix conformations are strongly dependent on nucleotide 

sequence (de Stevenson et al., 1991). Bulged nucleotides are identified at 

positions A49, A50, C63, G75, and A83 (or U84 due to a dynamic equilibrium) 

within each RNA molecule (Romaniuk et al., 1988). Loop A is structurally 

similar in both RNAs and adopts essentially a single stranded conformation 

(Westhof et al., 1989). In contrast, loop A within spinach chloroplast 5S RNA 

is highly structured. Loop C is stabilized by hydrogen bonds formed between 

U35-A42 and C36-G41, as well as by base stacking of C34 and C44 inside the 

loop (Westhof et al., 1989). The pattern of protection of purine N? sites and 

backbone phosphate? within loops C and D of X en o p u s  5S RNA suggests that 

they may be stabilized by magnesium ion binding or be involved in tertiary 

interactions (Romaniuk et al., 1988). However, further analyses using 

chemical probes and computer modeling show a lack of tertiary interactions
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Figure 3,3 Three-dimensional models of (A) spinach chloroplast 5S RNA, (B) 

X e n o p u s  oocyte-type 5S RNA (Westhof et al., 1989), and (C) loop E of X e n o p u s  

5S RNA (W,v berly et a l, 1993),



between loop C and the helix V-loop E-helix IV-loop D arm of the molecule 

(Christiansen et al., 1987; Westhof et al., 1989; de Stevenson et al., 1991; Chow 

et al., 1992). The conformation of loop D may be stabilized by hydrogen bond 

formation between G87 and A90 and by base stacking between G89 and A90 

(Westhof et al., 1989; de Stevenson et al., 1991).

Important differences do exist between the two 5S RNA forms. There 

are six nucleotide substitutions between oocyte and somatic 5S RNA. Three 

of these substitutions reside within loop B, two within helix III (providing a 

base pair replacement), and one on helix- IV (Figure 3.2) (Romaniuk et al.,

1988). Loop B is less structured in oocyte-type 5S RNA than in the somatic- 

type molecule, with a Watson-Crick base-pair between G25 and C53 and base 

stacking by A55 and G56 identified in the latter molecule (Westhof et al.,

1989). Loop E adopts an unusual quasi-helical secondary structure containing 

non-Watson-Crick base pairs and a bulged guanine residue at position 75 

(Andersen et al., 1984; Romaniuk et al., 1988; Westhof et al., 1989; de 

Stevenson et al., 1991; Wimberly et al., 1993) (Figure 3.3). Under non­

denaturing conditions, the only chemically reactive purine N? atom within 

loop E is G75 for both RNAs (Romaniuk et al., 1988), The conformation of 

loop E is similar between the 5S RNA forms, however, it is more stable in the 

oocyte-form than in the somalic-form (Romaniuk et al,, 1988). The presence 

of magnesium ions may significantly stabilize the loop F. conformation (de 

Stevenson et al., 1991). Increased stability is also observed for helices 111 and 

IV in the oocyte 5S RNA compared with the somatic RNA molecule. The 

increased structural stability of oocyte 5S RNA in the presence of 4M urea is 

conferred by the five nucleotide substitutions in loop B and helix III. In 

contrast, ooc* 'e 5S RNA stability in the presence of the chelating agent, EDTA, 

is due to the single nucleotide substitution at position 79 within helix IV.



It has been suggested that both X e n o p u s  5S RNAs and spinach 

chloroplast 5S RNA adopt a distorted 'Y'-shape structure, with helices II and 

V stacked and nearly colinear (Westhof et al., 1989) (Figure 3.3). The 

orientation of helix I with respect to the two 'urns' of 5S RNA is controlled 

by 'hinge' nucleotides in loop A. The dimensions of this structural model are 

118A between residues 40 (loop C) and 90 (loop D), 109A between residues 40 

and the 5'-terminal nucleotide, and 84A between residue 90 and the 3 '- 

terminal nucleotide (Westhof et al., 1989). These measurements agree with 

those estimated by electron spectroscopic imaging (ESI) of the 7S RNP particle 

(Bazett-Jones, 1988).

3.1.3 Interaction of 5S RNA with X e n o p u s  TFIIIA

The 7S RNP particle is found in very large amounts in previtellogenic 

oocytes of X e n o p u s  laevis (Picard & Wegnez, 1979; Miller et al., 1989). A 

similar particle is also observed in other amphibian species and in teleost 

species (Picard & Wegnez, 1979). The expression of TFIIIA and 5S RNA and, 

hence, the levels of 7S RNP are developmentally regulated during oogenesis 

(Ford & Brown, 1976; Honda & Roeder, 1980). In oocytes the majority of 

accumulated 5S RNA is derived from the large population of oocyte-type 

genes. Following ovulation no 5S RNA synthesis is detectable in the egg. 

However, during embryonic development 5S RNA synthesis is reestablished 

from the somatic-type genes (Ford & Brown, 1976).

Immunological detection indicates that TFIIIA is present in high 

concentration in immature oocytes, corresponding with maximal 5S RNA 

transcription (Honda & Roeder, 1980). In contrast, TFIIIA is present in vastly 

reduced amounts in unfertilized eggs and in somatic cell extracts, correlating 

with reduced 5S RNA transcription (Honda & Roeder, 1980; Pelham et al,,



1981). The requirement of TFIIIA for 55 RNA transcription and storage 

suggests that a feedback-inhibition mechanism may exist to control 5S RNA 

levels during oogenesis (Honda & Roeder, 1980). Strict regulation of the 

TFIFA intracellular concentration allows the regulation of 5S RNA gene 

transcription. The accumulation of large amounts of 5S RNA required for 

ribosome assembly requires the relative over production of TFIIIA. During 

early oogenesis, the accumulated 5S RNA sequesters TFIIIA in the 7S RNP 

particle (and p43 in the 42S RNP particle) which is subsequently transported 

to the cytoplasm. This reduction in the nuclear concentration of TFIIIA may 

contribute to a reduced rate of 5S RNA synthesis (Guddat et al., 1990).

The structure of the 7S RNP has been probed using neutron scattering 

and sedim entation analyses (Timmins et al., 1988) and by electron 

spectroscopic imaging (ESI) (Bazett-Jones, 1988). The molecular weight of the 

complex ranges from 95.7 ± 10 kD to 86.7 ± 9 kD, depending on the method of 

analysis and has an overall width of 59A and a length of 140A (Timmins et 

al., 1988). Similar dimensions are obtained by ESI analysis of X e n o p u s  5S 

RNA bound by TFIIIA with a length of approximately 140A and a width of 

approximately 80A (Bazett-Jones, 1988). Differences in the measured length of 

free 5S RNA and the 7S RNP complex (approximately 15A) may be due to 

TFIIIA protein extending beyond the RNA molecule (Timmins et al., 1988). 

No significant alteration in 5S RNA conformation is observed in the 7S RNP 

particle (Timmins et al., 1988).

The X e n o p u s  7S RNP appears to undergo a reversible equilibrium of 

complex assembly at pH 7.5 and 23°C which is characterized by the formation 

of a 1:1 complex that self-aggregates to a dimer (Callaci et al., 1990). The 

presence of higher order ribonucleoprotein structures has also been observed 

in RNA exchange analyses (Andersen & Delihas, 1986). Determination of the



dissociation kinetics for reconstituted X e n o p u s  7S RNP suggests the presence 

of two populations of complexes; a rapidly dissociating species, and a species 

which dissociates with a rate constant of approximately 4.5  x 10‘4 s'* 

(Romaniuk, 1985). The biological significance of both higher order 7S RNP 

interactions and the presence of populations exibiting different dissociation 

rates remains unknown.

A nitrocellulose filter binding assay has been employed to study the 

interaction of X e n o p u s  TFIIIA with 5S RNA (Romaniuk, 1985). The protein 

binds to oocyte-type 5S RNA with an association constant of 1.4 x iO^M-1 at 0.1 

M salt, pH  7.5 and 20°C. In comparison, non specific interaction of TFIIIA 

with tRNAPhe exhibits a Ka of less than 1.0 x 10^ M-*. Specific complex 

formation is favoured both by enthalpy and entropy (AGC='12.1 kcal/mole, 

AH=-8.3 kcal/mole, and a AS=+13.1 cal mob* deg'*) and exhibits a broad pH 

optimum ranging from pH 6.0 to pH 8.0. Analysis of the salt dependence of 

Ka indicates that as many as five lysine-phosphate type ionic bonds may be 

formed leaving approximately 68% of the free energy of complex formation to 

be contributed by non-electrostatic interactions (Romaniuk, 1985).

Regions within the 5S RNA molecule involved in TFIIIA interaction 

have been studied extensively using chemical (Pieler & Erdmann, 1983; Pieler 

et al., 1986; Andersen, 1987; Christiansen et al., 1987; Baudin et al., 1989; 

Darsillo & Huber, 1991) and nuclease (Romaniuk, 1985; Huber & Wool, 1986; 

Pieler et al., 1986; Christiansen et ah, 1987) protection analyses. The primary 

site of TFIIIA-induced protection of 5S RNA appears to include the helix V- 

loop E-helix IV-loop D arm of the molecule. This region from position 64 to 

116 is protected by TFIIIA from ribonuclease cleavage (Huber & Wool, 1986), 

In particular, protection analyses and missing nucleoside studies suggest that 

loop E provides critical conformation and/or sequences necessary for TFIIIA
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footprint area (Romaniuk et al., 1989).



interaction (Pieler & Erdmann, 1983; Christiansen et al., 1987; Darsillo & 

Huber, 1991). A 5S RNA enzymatic fragment containing sequence from 

position 73 to 102 retains native 5S RNA structure and is sufficient to interact 

with TFIIIA and inhibit transcription in vitro  (Pieler et al., 1986). However, 

additional sites of protection are also observed along the other arm of 5S 

RNA (helix II-loop B-helix III-loop C) (Figure 3.4). TFIIIA binding studies 

with truncation and internal deletion 5S RNA mutations define a minimum 

binding site that includes helices II, III, and V and loops A, B, and E (Sands & 

Bogenhagen, 1987; Romaniuk et al., 1987a; Bogenhagen & Sands, 1992). 

Removal of sequences within loop C and helix IV or substitution of base 

sequence in loop D did not significantly affect TFIIIA binding. Mutations 

within helices II and III result in a more severe reduction in TFIIIA 

association than mutation of helices IV and V (Sands & Bogenhagen, 1987; 

Romaniuk et al., 1987a). Thus, TFIIIA interacts with both arms of the 5S 

RNA molecule, suggesting that the spatial arrangement of these helical 

structures may contribute to complex formation or stability.

The orientation of the helical arms of 5S RNA is established by the 

central hinge region (loop A) (Westhof et al., 1989). Indeed, the central hinge 

region (loop A) and surrounding structures (loop B and helices II and V) have 

been found by chemical crosslinking to be in close proximity to bound TFIIIA 

(Baudin et al., 1989). The protein approaches within 7A of loop A-helix II 

sequence from position 9 to 21 and helix U-helix V-loop B sequence from 

position 54 to 71 (Baudin et al., 1989). The conformation and, thus, the 

sequence of this central region would be expected to be critical for high affinity 

TFIIIA binding. This is supported by the reduced association of TFIIIA with 

5S RNA mutants containing substitutions of residues within loop A 

(Romaniuk, 1989). The absence of direct contacts to the central hinge region



(loop A) is suggested by the lack of TFIIIA-induced protection (Pieler & 

Erdmann, 1983; Huber & Wool, 1986; Christiansen et al., 1987; Romaniuk et 

al., 1987a).

5S RNA structures required for TFIIIA interaction have been studied 

using deletion and substitution mutations within the RNA molecule (Sands 

& Bogenhagen, 1987; Romaniuk et al., 1987a; Baudin & Romaniuk, 1989; 

Romaniuk, 1989; Romaniuk et al., 1989; You & Romaniuk, 1990; You et al., 

1991; Bogenhagen & Sands, 1992). None of the bulged nucleotides within 5S 

RNA were found to contribute direct bonding contacts an d /o r local 

conformations required for TFIIIA binding (Pieler & Erdmann, 1983; Baudin 

& Romaniuk, 1989; Romaniuk et al., 1989; You et al., 1991). Nucleotide 

sequences within the single-stranded loop regions of X e n o p u s  5S RNA, that 

are found to be highly conserved in eukaryotic 5S RNA, do not provide 

strong contacts to TFIIIA (Romaniuk, 1989; Romaniuk et al., 1989; 

Bogenhagen & Sands, 1992.). However, as discussed above, nucleotide 

sequences within loop A are essential for coaxial stacking of the RNA helical 

arms and, thus, indirectly contribute to TFIIIA. binding. In addition, sequence 

differences between oocyte- and somatic-type 5S RNAs at positions 53, 55, and 

56 within loop B are directly responsible for an enhanced affinity of TFIIIA 

for somatic 5S RNA (Romaniuk et al., 1987a; Romaniuk et al., 1989). Perhaps, 

these somatic substitutions provide additional RNA-protein contacts that 

increase complex stability. The nucleotide sequence and quasi-helical 

conformation of loop E is apparently not required for high affinity interaction 

with TFIIIA (Romaniuk, 1989). However, a potential purine N? contact is 

maintained at position 75 in the substitution mutants analyzed. Thus, the 

importance of this loop E nucleotide to TFIIIA binding remains unknown. 

The most significant structural feature of 5S RNA required for TFIIIA



interaction appears to be maintenence of helices II and V within the two arms 

of 5S RNA (Sands & Bogenhagen, 1987; Romaniuk et al., 1989; You & 

Romaniuk, 1990; You et al., 1991). The native conformations within loops B 

and C are not critical for their interaction with TFIIIA (You & Romaniuk,

1990). The importance of 5S RNA conformation for TFIIIA interaction is 

supported by binding studies with 5S RNAs isolated from different organisms 

(Hanas et al., 1984; Pieler et al., 1984b; Romaniuk, 1985; Andersen & Delihas,

1986). TFIIIA can interact with eukaryotic, archaebacterial, and eubacterial 5S 

RNAs with varying affinities. Thus, the interaction of TFIIIA with 5S RNA 

may occur through the recognition of the native UNA conformation and by 

forming a number of relatively weak contacts with extra-helical nucleotides 

and with the phosphoribose backbone.

It has been suggested that the interaction of TFIIIA with 5S RNA and 

the 5S RNA gene may be similar by virtue of the protein binding region or 

the RNA stacking into a DNA-like conformation similar to the internal 

promoter of the gene (Huber & Wool, 1986; Christiansen et al., 1987) or by the 

5S RNA gene adopting an RNA-like cruciform structure similar to 5S RNA 

helices IV and V (Andersen, 1987). In light of comparisons made of TFIIIA 

interactions wdth 5S RNA and 5S RNA gene mutants, a similar mode of 

interaction between the protein and both nucleic acids seems unlikely 

(Baudin & Romaniuk, 1989; You et al., 1991; Veldhoen et al., 1994). TFIIIA 

binding to the 5S RNA gene requires sequence-specific interactions within the 

internal promoter, with DNA conformation contributing less to the free 

energy of binding. In contrast, sequence identity of the helices within 5S 

RNA is apparently not as important as maintenance of native tertiary 

conformation for high affinity TFIIIA interaction.



The contribution to RNA binding and the positioning of individual 

zinc fingers within the 7S RNP particle has been investigated using 

proteolytic fragments (Sands & Bogenhagen, 1991), proteolytic footprinting 

(Bogenhagen, 1993), truncation mutants (Darby & Joho, 1992; Clemens et al., 

1993), and internal deletion mutants (Theunissen et al., 1992) of TFIIIA. 

Progressive N- and C-terminal truncation mutants of TFIIIA and proteolytic 

footprinting define the minimum region required for high affinity 5S RNA 

binding as zinc fingers four through seven (Bogenhagen, 1993; Clemens et alv 

1993). An additional mutagenesis study of TFIIIA suggests that high affinity 

RNA binding requires fingers five through nine (Darby & Joho, 1992). A 

model has been proposed in which fingers five and seven are placed along 

helices V and II, respectively, similar to their proposed locations within the 

internal promoter of the 5S RNA gene (Clemens et al., 1993). This 

orientation is supported by nuclease protection studies using TFIIIA mutants 

lacking finger triplets (Theunissen et al., 1992). Zinc fingers one through 

three associate with helix IV, finger four through six interact with helices I, II, 

and V, and fingers seven through nine are oriented towards helix III. In 

contrast, RNA footprinting of TFIIIA fragments containing zinc fingers one 

through seven suggest that the C-terminal fingers eight and nine interact 

with the distal end of helix IV and that the boundary of finger seven 

interaction with 5S RNA resides near position 83 (Sands & Bogenhagen,

1991), TFIIIA may form structurally different complexes with somatic and 

oocyte forms of 5S RNA, as suggested by an increased accessibility of the 

linker sequence between fingers three and four to protease attack in the 

somatic 5S RNA complex (Bogenhagen, 1993).

Single amino acid substitutions in fingers four and six lead to a four­

fold and 30-fold reduction in affinity for 5S RNA, respectively (Clemens et al.,



1993). This suggests non-equivalence in the contribution each zinc finger 

makes to the free energy of 5S RNA binding. However, an indirect 

immunoprecipitation assay, which also identified the RNA binding region of 

TFIIIA as extending from fingers four through seven, indicates that each 

finger is functionally equivalent (Theunissen et al., 1992). It was noted, 

however, that removal of finger six resulted in a greater Mg2+-dependent 

sensitivity for TFIIIA interaction with 5S RNA.

In a collaborative study with the laboratory of Dr. Joel Gottesfeld, the 

interaction of TFIIIA zinc fingers four through seven (zf4-7) with 5S RNA 

was investigated in an attempt to further identify finger positioning along the 

RNA molecule and specific RNA structures required for protein interaction. 

Dr. Gottesfeld and coworkers measured the affinity of zf4-7 for a series of 5S 

RNA mutants constructed in the laboratory of Dr. Romaniuk (refer to 

Romaniuk et al., 1987a; Romaniuk, 1989; You et al., 1991). I compared the 

interaction sites of TFIIIA and zf4-7 on 5S RNA by ribonuclease footprinting,

3.2 Methods and Materials

3.2.1 Eacterial strains and DNA vectors

The 5S RNA gene-containing plasmid pXlo was constructed using a 

modification of the 'micro-scale ligation' method developed by Chambon et 

al. (1985) and described elswhere (Romaniuk et al., 1987a). Plasmid pRK172 

contains a PCR-generated truncation mutant of the TFIIIA cDNA and 

expresses the zf4-7 polypeptide. This TFIIIA truncation mutant was 

constructed in the laboratories of Dr. Joel Gottesfeld and Dr, Peter Wright at 

the Scripps Clinic and Research Institute and is described by Clemens et al, 

(1992; 1993). The identity of all PCR generated DNA fragments were 

confirmed by sequencing. Plasmids were maintained in E, coli JM105.



Expression of zf4-7 from pRK!72 was carried out using the E. coli B strain 

BL21(DE3) pLysS (F’ompTr'Rm'B).

3.2.2 Transcription of X e n o p u s  oocyte-type 5S RNA

In  vitro  run-off transcription of 5S RNA used in the RNA footprinting 

assay was performed as described by Romaniuk et al. (1987a). The pXlo 

plasmid was digested with D ra I, which cleaves the 55 RNA gene at position 

+121, relative to to first nucleotide position incorporated into RNA. The 

restriction digest was carried out at 37°C in a 50 pi reaction containing 10 mM 

Tris-HCl pH 7.5, 10 mM MgCl2, 50 mM NaCi, 1 mM DTE, 100 |!g/ml BSA, 50 

pg pXlo, and 100 units of D ra  I (New England Biolabs). Completion of pXlo 

D ra  I digestion was confirmed by electrophoresis of an aliquot on a one 

percent agarose gel. The digestion reaction was extracted with 100 pi 

phenol:CHCl3 and DNA recovered by ethanol precipitation. The DNA pellet 

was dried in vaccuo, resuspended in water, and stored at -20°C

RNA synthesis was performed in a 200 pi reaction containing 40 mM 

Tris-HCl pH  8.1 at 37°C, 30 mM MgCl2, 5 mM DTT, 1 mM spermidine, 100 

pg/m l BSA, 8 % PEG 8000, 0.01% Triton X-100, 500 units/m l RNAguard 

(Pharmacia), 5 mM each ATP, CTP, UTP, and GTP, 5 pg to 10 pg linearized 

pXlo template DNA, and 3 pi T7 RNA polymerase. The T7 RNA polymerase 

was purified from E. coli strain BL21/pAR1219 kindly provided by Dr. F.W. 

Studier using a published procedure (Davanloo et al., 1984). The transcription 

reaction was incubated for four hours at 37°C followed by the addition of 0.1 

volumes of 0.5 M EDTA. The reaction was extracted with 200 pi of 

phenohCHCls and precipitated with two volumes of 6 M ammonium acetate 

and three volumes of ethanol. The 5S RNA sample was resuspended in 

water and stored at -20°C. The RNA concentration was estimated by



spectrophotometric analysis and agarose gel electrophoresis. Due to the 

presence of DNA template and unincorporated trinucleotides, however, this 

concentration determination was merely a crude estimate used to establish 

the amount of input RNA required for a subsequent radiolabeling reaction. 

Yields of X en o p u s  5S RNA were between 30 |ig and 50 pg.

3.2.3 Labeling of 5S RNA

X e n o p u s  oocyte-type 5S RNA was radiolabelled with 32P at the 3' end 

for ribonuclease footprinting studies using standard methods (England & 

Uhlenbeck, 1978). The 20 pi labeling reaction contained 50 mM Tris-HCl pH 

7.8,10 mM MgCh, 10 mM 2-mercaptoethanol, 1 mM ATP, 60 pCi [5'-32P]-pCp 

(Dupont NEN), 3 pg to 5 pg 5S RNA, and 30 units of T4 RNA ligase (New 

England Biolabs). Incubation was carried out at 4°C for 16 hours. End labeled 

RNA was purified by electrophoresis on 8 % denaturing polyacrylamide gels 

(29:1, acrylamidetbis; 16 x 16 cm x 0.75 mm) followed by elution of excised 

bands overnight and ethanol precipitation (Sambrook et al., 1989). The 

efficiency of radiolabel incorporation was measured using a LKB 1214 

Rackbeta Scintillation counter and toluene with 0.4% (w/v) PPQ (Sigma) 

added as scintillant.

3.2.4 Protein purification

Purification of recombinant TFIIIA was performed as described in 

chapter 2, section 2 .2 .2 . Purification of zf4-7 was as described by Clemens et al, 

(1992) and by Hayes and Clemens (1992), A 100 ml volume of LB media 

containing 50 pg /m l ampicilLin was inoculated with 1 ml of an overnight 

culture of E. coli BL21(DE3) pLysS containing the zf4-7 expression plasmid 

pRK172. The culture was grown at 37°C with shaking at 300 rpm to an O.D.aoo



of 0.6. zf4-7 protein synthesis was induced with the addition of ZnSC>4 to 50 

pM and IPTG to 1 mM final concentration. Cells were harvested following a 

further four hour incubation by centrifugation at 3800 x g for ten minutes in a 

Beckman JA -14  rotor, washed once with water, and stored overnight at -20°C. 

Sonication was performed with addition of 4 ml of zf buffer (50 mM Tris-HCl 

pH 7.5, 10% glycerol, 5 mM DTT, 100 mM NaCl, and 50 pM ZnCh) to the 

thawed cells. Sonication was for three 30 second pulses using a Heat Systems- 

Ultrasonics W-385 sonicator at a microtip setting of four and with one minute 

cooling intervals. The sonicate was centpfuged in a Beckman JA-20 at 12,000 

x g for 10 minutes and the pellet was resuspended in 3 ml of zf buffer 

containing 5 M urea, The resuspension was mixed by inversion for one hour 

at 4°C and centrifuged in a Beckman JA-20 at 12,000 x g for 20 minutes. The 

supernatant was applied to a 1 ml heparin-sepharose column (Pharmacia) 

preequilibrated with 10 volumes of zf buffer containing 1 M NaCl and 5 M 

urea followed by 10 volumes of zf buffer containing 5 M urea. zf4-7 was 

eluted with a NaCl step gradient in zf buffer (400 mM, 600 mM, 800 mM, 1 M 

NaCl) containing 5M urea. zf4-7 e.iuted maximally in the 600 mM NaCl 

fraction with a purity of approximately 99%, as determined by SDS PAGE 

analysis (Figure 3.5). Aliquots of the purified protein weie stored in the 

elulion buffer at *20°C. The final concentration of zf4-7 was 75 pM, as 

determined by the Bradford assay with bovine scrum albumin as a standard 

(Bradford, 1976).

3.2,5 5S RNA footprinting analysis

Labeled 5S RNA was heated to 95°C in a renaturation buf/er containing 

20 mM Tris-HCl pH 7.5 and 100 mM KC1 and allowed to slowly cool to room 

temperature. Binding reactions were prepared in a buffer containing 20 mM



Hepes pH 7.8, 100 mM KC1, 1 mM MgCl2, 10% glycerol, 25 pM ZnCl2, 5 mM 

DTT, 100 m g/m l BSA, and 10 units RNAguard (Pharmacia). RNAguard was 

left out oi . otions probed with RNase A. Each 20 pi footprinting reaction 

contained 100 nM of TFIIIA or zf4-7 and 100,000 cpm of radioactively end 

labeled Xlo 5S RNA. Control reactions were also prepared that contained 

only the end labeled 5S RNA. The binding reactions were incubated for 20 

minutes at ambient temperature to allow for the formation of protein-RNA 

complexes. Ribonuclease A (Sigma), Ti (Pharmacia), and T2 (Pharmacia) were 

added to final concentrations of 2.3 x 10"5 units/m l, 10 units/ml, and 5 

units/m l, respectively. The reactions were incubated for a further two 

minutes followed by addition of 2 jig of tRNAP*10 (Boehringer) to each 

reaction. The quenched footprinting reactions were loaded onto an 8 % non 

denaturing polyacrylamide gel (29:1, acrylamide:bis; 16 x 16 cm x 0.75 mm) 

prepared in 88 mM Tris-borate buffer. Electrophoretic separation of protein- 

bound and free 5S RNA was performed at 4°C. The gel was pre 

electrophoresed at 9 V/cm  for 2 hours prior to loading, Footprinting 

reactions were electrophoresed at 15 V/cm for 6 hours. The separated bands 

were then .vesolved by autoradiography of the wet gel at 4°C for two hours 

with intensifying screens. Free and protein-bound 5S RNA bands were 

isolated and eluted overnight at ambient temperature in 250 pi of elution 

buffer (Sambrook et al., 1989). The eluted RNA was ethanol precipitated with 

10 pg of E. coli tRNA (Sigma) carrier and resuspended in 15 pi of a urea-dye 

buffer containing 10 M urea, 1,5 mM EDTA, 0.04% xylene cyanol, and 0,04% 

bromophenol blue.

Footprinting reactions probed with ribonuclease CVj 

(Pharmacia) were prepared in TMK buffer containing 20 mM Tris-HCl pH 7.5, 

1 mM M gC b,100 mM KC1,1 mM DTT, and 100 mg/ml BSA. Each 200 pi
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Figure 3.5 SDS-PAGE analysis of TFIIIA and zf4-7 proteins. TFIIIA was run 

on a 15% polyacrylamide gel and eluted fractions from the heparin-sepharose 

column containing zf4-7 were run on a 20% polyacrylamide gel, A control 

lysate from induced E. coli BL21(DE3) pLys S without the zf4-7 expression 

plasmid was also run.



binding reaction contained 100, 000 cpm of labeled 5S RNA and 100 nM 

TFIIIA or zf4-7 protein. The reactions were incubated for 20 minutes at 

am bient tem perature and ribonuclease CVi was added to a final 

concentration of 0.06 units/m l and 0.012 units/ml. The binding reactions 

were incubated for a further two minutes and phenol :CHCl3 extracted twice. 

Labeled 5S RNA was recovered by ethanol precipitation with 25 pg of E. coli 

tRNA (Sigma) as carrier and resuspended in 15 pi of urea-dye buffer.

The processed footprinting reactions were counted and normalized in 

preparation for loading onto 8 % denaturing polyacrylamide sequencing gels. 

Ribonuclease Ti (Pharmacia) and U2 (Pharmacia) RNA sequencing reactions 

and a base ladder reaction were performed on 5S RNA. Labeled 5S RNA was 

dried in vaccno  and resuspended in sequencing reaction buffers. The l ’i 

sequencing reaction contained 25 mM citrate pH 5, 0.8 pg E. coli tRNA, labeled 

5S RNA, 5.6 M urea, 0.84 mM EDTA, 0.022% (v/v) xylene cyanol and 

bromophenol blue dyes, and 0.1 units of ribonuclease Ti. The U2 sequencing 

reaction contained 25 mM citrate pH 3.5, 0.8 pg E. coli tRNA, labeled 5S RNA, 

5.6 M urea, 0.84 mM EDTA, 0.022% (v/v) xylene cyanol and bromophenol 

blue dyes, and one unit of ribonuclease U2 . The base ladder reaction 

contained 50 mM NaHCC>3 pH 9.5, 1 pg E. coli tRNA, and labeled 5S RNA. 

Both ribonucease sequencing reactions were incubated at 55°C for 15 minutes 

and the base ladder reaction was incubated at 95°C for three minutes. 

Footprinting and sequencing reactions were loaded onto sequencing gels pre- 

electrophoresed for 30 minutes and electrophoresed at 40 W until the 

bromophenol blue and xylene cyanol dyes were 9 cm from the bottom for the 

short and long runs, respectively,



3.3 Results

3.3.1 Ribonuclease footprinting of TFIIIA and zf4-7 w ith X e n o p u s  5S RNA

In order to further understand the interaction of TFIIIA with 5S RNA, 

ribonuclease footprinting of TFIIIA-.5S RNA and z£4-7:5S RNA complexes was 

performed. After the formation of stable 5S RNA-protein complexes using 

saturating amounts of protein, the complexes were probed with single strand 

specific ribonucleases A, Ti, and T2 , as well as with the structure specific 

ribonuclease CVi. The reactivity of these nucleases toward 5S RNA in the 

absence of protein was determined in parallel. The results of one such 

experiment are shown in Figure 3.6. Comparison of the reactivity patterns for 

the free 5S RNA and either of the protein-5S RNA complexes .dentifies three 

types of reactivity; nucleotide positions equally accessible to nuclease in free 

and protein-associated 5S RNA, nucleotide positions that become less 

accessible to nuclease when protein is bound to 5S RNA, and nucleotide 

positions that become more accessible when protein is bound to 5S RNA. 

Reactivities that fall into the last two classes are summarized in Figure 3.7 for 

both the TFIIIA:5S RNA and zf4-7:5S RNA complexes.

The region protected by zf4-7 is smaller than the region protected by 

full length TFIIIA. Both proteins protect loops A and E and helix V from 

nuclease attack and both proteins show enhanced reactivity in helix II. 

However, the two footprints differ significantly in the more distant regions of 

the helical arms of 5S RNA. TFIIIA protects loop B and helix III quite 

extensively from nuclease cleavage and to a lesser extent loop C. In contrast, 

the binding of zf4-7 with 5S RNA results in completely enhanced nuclease 

cleavage in helix III and loop C and reduced protection of loop B. A similar 

difference is observed in helix IV and loop D, where TFIIIA offers more 

protection from nuclease attack and zf4-7 binding promotes additional
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Figure 3.6 Ribonuclease footprinting of TFIIIA:5S RNA and zf4-7:5S RNA 

complexes using (A) short and (B) long electrophoretic runs. RNase 

treatment is indicated above the autoradiogram; a indicates the reactivity 

of free 5S RNA was assayed, a ’Z* indicates the reactivity of the zf4-7:5S RNA 

complex was assayed, and a T  indicates the TFIIIA:5S RNA complex was 

analyzed. Markers are RNase Ti (guanine) and U2 (adenine) sequencing 

reactions and a base hydrolysis ladder. Nucleotide positions are indicated to 

the right of the autoradiograms. In this experiment, the RNase CV] 

concentration was too low to provide reliable data. The CVi footprinting 

summary shown in Figure 3.7 was derived from additional experiments 

conducted in TMK buffer at higher nuclease concentrations.
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Figure 3.7 Summary of the footprinting results of (A) TFIIIA-5S RNA and 

(B) zf4-7-5S RNA complexes. Those nucleotide positions that displayed equal 

reactivity in the presence or absence of protein are not shown. Positions of 

ribonuclease cleavage are represented by a; circle (RNase CVi), square (RNase 

Ti), triangle (RNase T2), and star (RNase A). Open symbols indicate those 

positions that had an enhanced reactivity in the complex, whereas solid 

symbols represent positions of reduced reactivity in the presence of protein 

relative to the reactivity of free 5S RNA. Open arrowheads represent 

positions of relatively weak nuclease reactivity, whereas positions of strong 

nuclease reactivity are denoted by solid arrowheads.



nuclease sensitivity. These data clearly indicate that zinc fingers four through 

seven of TFIIIA interact with the helix II-loop A and helix V-loop E regions of 

the 5S RNA, while the additional fingers of TFIIIA interact with helix IV-loop 

D and loop B-helix III-loop C of the RNA molecule.

3.4 Discussion

TFIIIA is rather a unique protein in that it binds to both the 5S DNA 

(Sakonju et al., 1981; Sakonju & Brown, 1982; Pieler et al., 1987; You et al., 

1991; Veldhoen et al., 1994) and 5S RNA (Pieler & Erdmann, 1983; Romaniuk, 

1985; Andersen & Delihas, 1986) molecules with high affinity. Although the 

nucleic acid binding domain of TFIIIA consists of nine zinc fingers, previous 

work has shown that fingers one through three provide the majority of the 

DNA binding affinity (Christensen et al., 1991; Liao et al., 1992), while fingers 

four through seven provide the majority of the RNA binding affinity 

(Clemens et al., 1993). It has been demonstrated that the zf4-7 polypeptide 

(consisting of fingers four through seven) exhibits a slightly higher affinity for 

5S RNA (approximately 400 cal/mole) than full length TFIIIA (McBryant et 

al., 1995). Given the dual function of TFIIIA, perhaps it is not surprising that 

evolutionary selection resulted in a compromise protein that adequately 

fulfills both functions, or that a discrete portion of TFIIIA in fact exhibits a 

higher affinity for RNA than the complete protein.

In order to understand the structural requirements for the interaction 

of zf4-7 with 5S RNA, the affinity of zf4-7 for a series of sequence and 

structural mutants of 5S RNA was determined (McBryant et al., 1995) (Table 

3.1). These same mutants had been assayed previously for their effects on the 

binding of TFIIIA (Romaniuk et al., 1987a; Baudin & Romaniuk, 1989; 

Romaniuk, 1989; You & Romaniuk, 1990; Baudin et al., 1991; You et al,, 1991).



Comparison of the two proteins suggests that zf4-7 interacts in the same 

manner with 5S RNA (but within a smaller region) as the full length TFIIIA 

protein (Figure 3.8). Mutations within 5S RNA that severly reduced zf4-7 

binding are located in loop A (positions 10 to 13), nucleotides that flank and 

possibly stabilize loop A (positions 14 to 15 and 64 to 65), helix II (positions 16 

to 21 and 57 to 67), loop B (positions 22 to 26), helix V (positions 67 to 72 and 

105 to 108), loop E (positions 73 to 76 and 99 to 101), and helix IV (positions 78 

to 81, 83, and 96 to 101) (McBryant et al., 1995) (Table 3.1, Figure 3.8). 

Additional mutations within loop C (positions 41 to 44) are found to 

negatively affect TFIIIA binding.

There are a number of mutations of 5S RNA with slightly increased 

affinity for zf4-7, suggesting that the small, local changes in secondary or 

tertiary 5S RNA structure resulting from these mutations (Romaniuk et al., 

1988; Brunei et al., 1990; Baudin et al., 1991; de Stevenson et al., 1991) can 

enhance the RNA-protein interaction. The gain in total free energy of 

complex formation is far less than might be expected from the gain of an 

additional hydrogen bond interaction and is consistent with a small 

conformational change in the RNA that energetically favors zf4-7 interaction. 

It is interesting that many of these favorable mutations appear to be clustered 

at the presumed boundaries of the zf4-7 interaction site on 5S RNA (Table 3.1, 

figure 3.8). This suggests that interactions of the RNA with finger four 

a n d /o r finger seven of zf4-7 are stabilized by local changes in RNA 

conformation.

The RNA footprinting and RNA mutagenesis results provide a fairly 

clear picture of the boundaries of the zf4-7 interaction site within 5S RNA. 

These occur within helix IV on one arm and within loop B on the other arm
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Table 3.1 Relative affinities for zf4-7 and TFIIIA binding to wild type and 

mutant X e n o p u s  5S RNAs.

5S RNA Relative 

Affinity for 

zf4-7

Relative 

Affinity for 

TFIIIA"

5S RNA Relative 

Affinity for 

zf4-7

Relative 

Affinity for 

TFIIIA"

wild type 1.00 1.00 67-70 0.75 ±0.12 0.045 ±0.008
10-13 0.08 + 0.01 0.30 + 0.01 67-70/105-108 1.25 ±0.30 0.71 ±0.01
14-15 0.04 ± 0.01 0.85 + 0.22 71-72 0.13 ±0.03 0.35 ±0.21

14-15/64-65 0.12 + 0.03 1.11 ±0.32 71-72/103-104 2.64 ±0.55 1.18 ±0.32
16-21 0.17 + 0.03 0.32 ±0.15 73-76 0.05 ±0.009 0.57 ±0.02

16-21/57-62 1.09 + 0.13 1.09 ±0.48 AG75 0.04 ±0.01 ND

22-26 0.017 + 0.004 1.00 ±0.02 78-81 0.068 ±0.009 0.88 ± 0.01
27-32 1.18 + 0.29 0.75 ±0.02 78-81/95-98 2.14 ±0.46 0.86 ±0.01
33-39 1.45 + 0.30 1.00 ±0.02 82-86 5.00 ±1.0 0.81 ± 0.31
41-44 1.65 ±0.29 0.40 ±0.20 82-86/91-94 1.29 ±0.22 1.21 ±0.35
45-52 1.42 + 0.29 0.76 ±0.12 AA83 0.44 ±0.11 1.00 ±0.02

AA49-AA50 0.78 + 0.13 1.00 ±0.02 87-90 2.03 ± 0.30 0.71 ±0.10
53-56 0.75 + 0.17 1.62 ±0.12 96-101 0.048 ±0.009 0.59 ± 0.01

57-62 0.017 + 0.005 0.40 ±0.15 99-101 0.07 ±0.014 0.61 ± 0.08

AC63 0.88 ± 0.10 1.00 ±0.02 103-104 4.19 ±0.74 0.50 ± 0.23

64-65 0.022 + 0.005 0.74 ±0.24 105-108 0.12 ±0.02 0.39 ± 0.06

G66C 0.032 + 0.008 0.12 ±0.01 U109C 0.045 ±0.008 0.50 ±0.03

flData from You et al. (1991) and Romaniuk (1989) determined by nitrocellulose filter 

binding assays. Results obtained from the laboratories of Dr. Joel Cottesfcld and 

Dr. Peter Wright at Scripps Clinic and Research Institute.
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Figure 3.8 Summary of the effects that mutations in 5S RNA have on the 

binding of TFIIIA and zf4-7. Nucleotide regions that when mutated result in 

a two-fold or greater reduction in TFIIIA binding are boxed, while those 

critical for zf4-7 binding are denoted by a thick line. The proposed location of 

the nine zinc fingers of TFIIIA are indicated to the side of the 5S RNA 

structure (McBryant et al., 1995).



of 5S RNA. Consistent with this identification of the zf4-7 boundary, 

mutation of nucleotides 41-44 within loop C selectively decreased TFIIIA 

binding affinity but did not affect zf4-7 interaction (McBryant et al., 1995) 

(Table 3.1, Figure 3.8). This would be expected if the C-terminal domain and 

fingers of TFIIIA are situated within this region of the 5S RNA molecule. 

The patterns of nuclease reactivity for the two proteins is very similar in the 

helix II-loopA-helix V-loop E portion of 5S RNA (Figure 3.7). However, for 

the zf4-7 footprint, it is apparent that there is a loss ol . uclease protection and 

a corresponding enhanced sensitivity in the helix III-loop C domain, relative 

to the TFIIIA footprint. Differences between the two footprints in the lower 

region of helix IV and loop E are less striking. The zf4-7 footprint lacks the 

nuclease protection observed at residues 82, 83, and 89 in the TFIIIA footprint. 

Thus, zinc fingers four through seven of TFIIIA interact with helix II, loop A, 

helix V, and loop E of 5S RNA.

Within this binding site for zf4-7, it appears that some structures and 

nucleotide residues are critical for high affinity binding of the polypeptide. 

Within helix II, the base pairs formed by residues 16 to 21 and 57 to 62 are a 

critical structural feature, although the sequence of the base pairs is not critical 

(McBryant et al., 1995). In contrast, both the pairing of nucleotides 14 to 15 

with 64 to 65 and the identity of these nucleotides is critical for zf4-7 binding 

(Table 3.1). The bulged cytosine residue at position 63 is not required for the 

binding of zf4-7. Loop A is a critical feature for the binding of TFIIIA and zf4- 

7, and it has been proposed that nucleotide sequence within loop A may 

function to orient the two arms of the RNA binding site optimally for the 

interaction with TFIIIA (Romaniuk, 1989; Baudin et al., 1991). Within helix 

V, the base paired structure is critical for zf4-7 interaction but the wild type 

sequence is not required (McBryant et al., 1995).



Loop E plays a pivotal role in zf4-7 binding. This region of 5S RNA is 

unable to form regular Watson-Crick base pairs, but the results of chemical 

and nuclease probing experiments clearly demonstrate that it is highly 

structured (Romaniuk et al., 1988). NMR analysis further supports a model 

in which loop E adopts a quasi-helical conformation that incorporates non- 

canonical hydrogen bonding arrangements between opposing pairs of 

nucleotides and a bulged guanine at position 75 (Wimberly et al., 1993) 

(Figure 3.3). Mutations within this region result in large reductions in zf4-7 

binding affinity, indicating that the unique structure of loop E, and particular 

nucleotides within this region, are critical interaction points for the protein 

(Table 3.1) (McBryant et al., 1995). The disruptive effect of deleting the bulged 

guanine residue suggests that this may represent an important structural 

feature for recognition by zf4-7. The availability of the N 7 group of this 

nucleotide for protein contact has been shown using chemical probes 

(Romaniuk et al., 1988). In addition, bulged residues have been implicated as 

the nucleation point for protein binding in other RNA-protein interactions 

(Peattie et al., 1981; Wu & Uhlenbeck, 1987).

The comparative nature of mutagenesis and footprinting analyses 

provides a detailed picture of the interaction site of zinc fingers four through 

seven of TFIIIA with 5S RNA. An earlier model proposed by Clemens et al. 

(1993) suggests that finger four interacts with loop E of the 5S RNA, finger 

five with helix V, finger six with the loop A "hinge" region, and finger seven 

with helix II. This placement of fingers four through seven is consistent with 

previous 5S RNA footprinting results obtained with deletion mutants of 

TFIIIA (Theunissen et al., 1992). It must be stressed, however, that the results 

presented here provide no direct information on the binding sites of



individual zinc fingers on 5S RNA, but do provide a clear indication of the 

location of fingers four through seven on the RNA molecule.

Truncated RNA molecules were assayed by the laboratories of 1? Joel 

Gottesfeld and Dr. Peter Wright at Scripps Clinic and Research Institute in 

order to determine the minimal protein-RNA complex that retains a binding 

affinity comparable to full length TFIIIA with 5S RNA (McBryant et al., 1995) 

(Figure 3.9). Bogenhagen and Sands (1992) have shown that TFIIIA binds 

with high affinity to RNA molecules lacking up to twelve nucleotides at 

either loop C or the loop E-helix IV area of 5S RNA. Thus, nucleotides 

beyond loop E in the 63-mer RNA (containing helix II, loop A, helix V, and 

loop E) should be adequate to preserve high affinity TFIIIA binding in this 

region. However, such an RNA molecule retains only five percent of the 

binding affinity of wild type 5S RNA (McBryant et al., 1995).

In comparison with the mutant 5S RNA binding results, it is apparent 

that part of helix IV and loop B are essential for zf4-7 binding. A 75-mer RNA 

that incorporates these two features interacts with zf4-7 with close to wild type 

binding affinity. These findings suggest that the complex of zf4-7 with the 75- 

mer represents most, if not all, of the energetically important contacts in the 

TFIIIA-5S RNA complex.

Thus, the specific site on 5S RNA that interacts with zinc fingers four 

through seven of TFIIIA has been identified. Within this site exist critical 

structures and nucleotides, which may form direct contacts with amino acid 

residues within the zinc fingers of TFIIIA, Combining this information with 

that of previous studies, a model is derived that juxtaposes specific RNA 

binding fingers of TFIIIA with specific structures in 5S RNA, This model may 

help to direct further investigations into the precise nature of specific contacts 

formed between 5S RNA and TFIIIA,
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Figure 3.9 Proposed secondary structure of the truncated 5S RNA molecules 

analyzed for zf4-7 binding affinity (McBryant et al., 1995).



Chapter 4.0 Characterization of the Nucleic Acid Binding Domain of TFIIIA

4.1 Introduction

4.1.1 The C2H2 zinc finger domain

The DNA binding zinc finger appears to be the most commonly used 

motif for protein-nucleic acid interaction and exists as tandem repeats ranging 

from two (ADR1) to 37 (Xfin) fingers in length within a single protein. 

Transcription regulatory proteins containing zinc fingers are found 

throughout the eukaryotic kingdom (Pellegrino & Berg, 1991) and play a role 

in such diverse functions as: sex determination [ZFY (human), SWI5 (yeast)], 

developmental gene regulation [n iKr l ,  Krox-20, and Z//268 (mouse), Kriippel  

and Tramtrack (D r o s o p h i l n ), Xfin and TFIIIA ( X e n o p u s ) ] ,  differential gene 

expression [MBP-1 (human), ADR1 (yeast)], and general gene expression [Spl 

(human)]. The functioning of zinc finger proteins as oncoproteins (GLI in 

glioblastomas; Kinzler et al., 1988) or tumor suppressors (WT'l in Wilm's 

tumor; Call et al., 1990) in certain human cancers identifies these regulatory 

proteins as important targets of study.

The C2 I I 2 zinc finger motif was originally identified as a sequence 

repeat in the X e n o p u s  transcription factor, TFIIIA (Brown et al., 1985; Miller et 

al., 1985). This 30 amino acid sequence contains two pairs of invariant 

cysteine and histidine residues that associate with a single zinc cation and 

three conserved hydrophobic framework residues (Miller et al., 1985; Diakun 

et a l , 1986; Gibson et al., 1988) (Figure 4.1A), More recently, two groups of 

C2H2 class finger sequences have been identified that differ primarily in the 

positioning of hydrophobic framework residues and in the number of 

residues between the zinc-binding histidines (Kochoyan et al., 1991a; 

Kochoyan et al., 1991b; Kochoyan et al., 1991c) (Figure 4.1 B). These finger
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Figure 4.1 Tertiary structure of the C2H2 zinc finger. (A) Xfin finger 31 (Lee et 

al>/ 1989a), (B) Comparison of odd (Xfin finger 31) and even (ZFY finger six) 

zinc finger conformations (Kochoyan et alv 1991b).



domains are designated 'odd' and 'even' due to their alternating positions in 

the 13-finger ZFY protein (Kochoyan et al., 1991d). The consensus C2H2 zinc 

finger sequence represents the odd group and can be found in multiple 

repeats in proteins such as Xfin, Z i f l 6 8 , ZFY (odd fingers), TFIIIA, and Spl 

(Kochoyan et al., 1991a; Kochoyan et al., 1991b; Kochoyan et al,, 1991c). In 

contrast, even fingers have not been found in multiple repeats and are 

generally interspersed among odd fingers in proteins like TFIIIA, ZFY, and 

MBP-1 (Kochoyan et al., 1991a; Kochoyan et al., 1991b; Kochoyan et al., 1991c) 

(Figure 4.2). The classification of C2H 2 zinc fingers may become more 

complex as individual characteristics within the odd and even finger groups 

are identified.

In general, metal ions within proteins are surrounded by hydrophilic 

atomic groups enclosed within a larger shell of lvdrophobic. atomic groups 

(Yamashita et al., 1990). The C2 H 2 class of zinc fingers binds zinc(Il) by 

tetrahedral coordination to conserved histidine N e2 atoms at 2 A distance 

and to cysteine SY atoms at 2.3 A distance (Diakun et a!,, 1986). The 

dissociation constant (Kd) for zinc binding varies from 10"9 M to 10" ^  M, 

depending on individual finger sequence. A consensus finger peptide has 

been observed to bind zinc by three amino acid ligands with the second 

histidine dissociated from the metal center (Krizok et al., 1991), It was 

suggested that a water molecule occupies the fourth coordination position, 

This second histidine could also be replaced with a cysteine residue without 

loss of zinc finger tertiary structure (Krizek et al., 1991). The resulting finger 

structure is similar to a number of CCI-IC zinc binding structures observed in 

retroviral DNA-binding proteins (Green & Berg, 1989), Cobalt(H) can also 

tetrahedrally associate with the metal binding ligands of the finger sequence 

(Frankel et al., 1987; Krizek et al., 1991). However, this association may result
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Finger Finger

N um ber

Sequence

overall consensus - r - C — • «CGK-F-----S - L — fl-RT**HTGEKP

odd consensus - r - C —  • • C -K -F ------- EL— fi------• -H -A /G

ADR1 1 FVCEV*•CTRAEARQEHLKRflYRS*‘ HTNEKP

ADR1 2 YPCGL• • CNRCETRRDLLIRflAQKI• HSGNL

Xfin 31 YKCGL• •CERSEVEKSALSRflQRV* *HKNESP

m K r l 7 YECTE • •CGKAESQSAYJLIEflRRI* *HTGEK

MBP-1 C-term YHCSY*•CNFSEKTKGNLTKflMKSKAHSKK

SW15 1 FECLFPGCTKTEKRRYNIRSfllQT* «HLEDRP

SW15 2 YSCDHPGCDKAEVRNHDLIRflKKS* «HQEKA

SW15 3 YACP• • •CGKKENREDALWfiRSRMICSG

TFIIIA 1 YICSFADCGAAYNKNWKLQAflLCK* »HTGEKP

TFIIIA 2 FPCKEEGCEKGETSLHHLTRflSLT*•HTGEKN

TFIIIA 3 FTCDSDGCDLRETTKANMKK'aFNRF'HNIKICV
even consensus - rQ C -Y /H * • • C - x . - S / T ------- EL— fl--------HzK

ZFY 4 HKCKF• • •CEXETAEQGLLNRfiLLAVHSKNFP

ZFY 6 YQCQY• • •CEYRSADSSNLKTglKTKHSKEMP

TFIIIA 6 YPCKKDDSCSEVGKTWTLXLKflVAECHQDLA

hb ' 4 YRCAD• • •CDXATKYCHSFKLHLRKYGHKPGMV

Figure 4.2 Sequence alignment of odd and even C2 H 2 zinc fingers. An 'r' 

indicates an aromatic residue position, an 'h' identifies a hydrophobic amino 

acid position, denotes any amino acid, and indicates alignment spacing.



in a net loss in energy as the cobalt ion is bound by water molecules in an 

octahedral coordination in solution (Regan & Clarke, 1990). Thus, the 

preference of the metal binding site for zinc over other metal ions may reflect 

the electronic environment within the finger and the coordination chemistry 

of different metal ions (Frankel et al., 1987; Krizek et al., 1991). It is interesting 

to note that an Spl protein derivative, in which zinc(II) was replaced with 

cadmium(II) in the three finger motifs, retained its specific DMA binding 

activity (Kuwahara & Coleman, 1990).

Metal binding is essential for the folding of a number of individual 

finger sequences (Frankel et al., 1987; Parraga et al., 1988; Lee et al., 1989b; 

Kuwahara & Coleman, 1990; Lee et al., 1991a; Michael et al., 1992; Eis & 

Lakowicz, 1993) and for DNA binding by the intact proteins TFIIIA, Spl, and 

SWI5 (Hanas et al., 1983a; Nagai et al., 1988; Kuwahara & Coleman, 1990). The 

isolated finger seven of m K r l  is exceptional as it is observed to adopt a 

compact structure in the absence of bound metal (Carr et al., 1990). Isolated 

fingers associate non-specifically with DNA but exhibit no specific sequence 

recognition activity (Frankel et al., 1987; Lee et al., 1991a). Once folded, the 

individual zinc finger is surprisingly resistant to thermal denaturation 

(Frankel et al., 1987) and protease digestion (Miller et al., 1985).

The tertiary structure of individual C2H2 zinc fingers have been probed 

by NMR using protein sequences originating from the yeast transcription 

factors ADR1 (finger two; Parraga et al., 1988; Xu et al., 1991) and SWI5 (finger 

two; Nakaseko et al., 1992; Neuhaus et al., 1992), the X e n o p u s  protein Xfin 

(finger 31; Lee et al., 1989a; Lee et al., 1989b; Palmer et al., 1991), the mouse 

m K r l  protein (finger seven; Carr et al., 1990), and the human enhancer 

binding protein, MBP-1 (C-terminal finger; Omichinski et al., 1990). 

Additional information on finger structure has been obtained from X-ray



crystallography of the mouse immediate early protein, Z i f 2 6 8  (Pavletich & 

Pabo, 1991), the Drosophi la  developmental protein, Tramtrack (Fairall et al.,

1993), and the human oncoprotein, GLI (Pavletich & Pabo, 1993). These 

studies suggest that the general architecture is very similar for fingers isolated 

from a wide range of proteins. The zinc finger adopts a highly compact 

structure in which an N-terminal irregular two-stranded P-sheet is packed 

against a C-terminal three-turn a-helix (Figure 4.1A). Once folded into its 

tertiary conformation, the backbone structure of the zinc finger is quite rigid,
i

displaying little internal motion (Palmer et al., 1991). A third P-strand has 

been observed in the N-terminal fingers of peptides derived from SWI5 

(Neuhaus et al., 1992) and Tramtrack (Fairall et al., 1993) and plays a role in 

finger stability (Figure 4.3). Studies using a 26 amino acid minimalist finger 

peptide containing 16 alanine residues suggests that the tertiary fold is 

maintained almost entirely through zinc binding to the conserved cysteine 

and histidine ligands and by hydrophobic interactions between the 

framework residues (Michael et al., 1992). However, additional amino acid 

residues may contribute to zinc finger stability (Krizek et ah, 1991). The 

structural differences that do occur are generally localized to the site of 

sequence alteration and are not global. Such differences in finger architecture 

have been observed within the irregular P-sheet, the C-terminus of the a- 

helix, the hydrophobic core, and the interfinger linker region (Kochoyan et 

al., 1991a; Kochoyan et al., 1991b; Kochoyan et al., 1991c; Kochoyan et al., 

1991 d; Bernstein et al., 1994). These differences may play an important role in 

DNA binding.

The packing of the central hydrophobic core is essential for correct zinc 

ion coordination and creation of a functional DNA-binding surface. 

Comparison of odd and even zinc fingers suggests that this packing can be
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Figure 4.3 Tertiary structure of SWI5 zinc fingers one and two. Panels (A) 

and (B) depict finger one with a 90° rotation, while panels (C) and (D) show 

finger two in similar orientations (Neuhaus et alv 1992).



obtained using hydrophobic 'framework' residues at different positions 

within the second strand of the p-sheet and conserved leucine and histidine 

residues in the a-helix (Kochoyan et al., 1991a; Kochoyan et al., 1991b). Odd 

zinc fingers maintain a phenylalanine four positions from the second 

coordinating cysteine (F4) and a basic residue at the second position (K/R2), 

while even fingers have an aromatic residue (H, F, or V) two positions from 

the second cysteine (Ar2) and a serine or threonine at the fourth position 

(S/T4) (Figure 4.2). The resulting central finger cores are similar in stability 

but exhibit different orientations of these alternate hydrophobic residues 

(Kochoyan et al., 1991b) (Figure 4.IB). Other less conserved residues 

throughout the finger sequence form hydrophobic 'patches' on either side of 

the finger structure and help shield the zinc binding site from the solvent 

(Lee et al., 1989a; Omichinski et al., 1990; Pavletich & Pabo, 1991).

There exists functional non equivalence between hydrophobic amino 

acid residues at the F4 position in odd fingers (Jasanoff & Weiss, 1993). 

Replacement of phenylalanine with tyrosine at this position maintains 

hydrophobic interactions with conserved leucine and histidine residues but 

results in displacement of the phenolic ring towards the solvent (Jasanoff & 

Weiss, 1993). This placement of the p-hydroxyl group on the DNA-binding 

surface of the zinc finger may provide an additional hydrogen bond contact to 

the DNA phosphate backbone (Pavletich & Pabo, 1993; Fairall et al., 1993). 

These relatively rare odd fingers (which contain a phenylalanine to tyrosine 

switch at F4) are observed in proteins such as TFIIIA (fingers one and eight), 

Spl (finger one), GLI (fingers three and five), and Tramtrack (finger one) 

(Gibson et al., 1988; Pavletich & Pabo, 1993; Fairall et al., 1993). Similar DNA 

contacts may not be made by tyrosine at the Ar2 position in even fingers as



the p-hydroxyl group appears to participate in an intrafinger hydrogen bond 

with serine or threonine at position S/T4 (Kochoyan et al., 1991a).

Variation also exists between C2H2 zinc fingers in HX„H loop spacing, 

where 'X' is any amino acid residue and ' n 'ranges from three to five amino 

acid residues (Gibson et al., 1988; Omichinski et al., 1990; Kochoyan et al., 

1991c). In general, even fingers exhibit a spacing of HX4H, while the spacing 

in odd fingers is predominantly HX3H (Gibson et al., 1988) (Figure 4.2). A few 

odd fingers have been identified with HX4H spacing, such as fingers three and 

eight from TFIIIA (Miller et al., 1985), finger two from ADR1 (Bernstein et al., 

1994), and fingers one, four, and five from GLI (Pavletich & Pabo, 1993). In 

addition HX5H spacing has been observed in the C-terminal finger of MBP-1 

(Omichinski et al., 1990) and finger three of SWI5 (Neuhaus et al,, 1992). 

NMR and X-ray crystallographic analyses have suggested that the helical 

region containing a HX3H spacing tightens up from a classic a-helix in the N- 

terminal region to a 3io-type helix in the C-terminus (Lee et al., 1989a; Lee et 

al., 1989b; Carr et al., 1990; Pavletich & Pabo, 1991) (Figure 4.1 B). This change 

in helical conformation is reflected by a change in internal hydrogen bonding 

patterns within the protein backbone from i-contact-(/+4) for an a-helix 

(where a given residue position is designated as /) to /-contact-(/+3) for the 310- 

helix (Kochoyan et al., 1991c). The formation of a 3jo-helix may be due to 

positioning constraints placed on the second zinc coordinating histidine 

(Pavletich & Pabo, 1991). The even finger ITX4 IT spacing tends to distort the 

a-helix into a wider turn just before the second coordinating histidine 

(Kochoyan et al., 1991c; Pavletich & Pabo, 1993; Bernstein et al,, 1994; Liao et 

al., 1994) (Figure 4.1B). However, the orientation of putative DNA-binding 

and zinc coordinating residues within the IIX4 H and IIX3 II zinc fingers 

appears to be very similar (Bernstein et al., 1994). The helical regions of



fingers with HX5H spacing terminate midway between the histidines. The 

remaining finger sequence forms a loop-like structure that positions the 

second coordinating histidine in the correct orientation for zinc binding. This 

structure is seen in finger three of SWI5 (Neuhaus et al., 1992) and in the C- 

terminal finger of MBP-1 (Omichinski et al., 1990).

Differences in spacing between the zinc coordinating cysteine residues 

have also been observed in fingers from TFIIIA (Miller et al., 1985), SWI5 

(Neuhaus et al., 1992), GLI (Pavletich & Pabo, 1993), Spl (Gibson et al., 1988), 

and Zi/268 (Pavletich & Pabo, 1991). A CX2C spacing is found in the majority 

of odd and even fingers, while a CX4 C spacing is observed less often (Gibson 

et al., 1988). As with the different ITX„H spacing elements, coordination of the 

zinc atom dictates the orientation of the cysteine residues and not the number 

of intervening amino acid residues. Both regions adopt irregular p-turns, 

with a conserved glycine positioned just before the second coordinating 

cysteine in CX4 C-I00P fingers (Miller et al., 1985; Omichinski et al., 1990; 

Pavletich & Pabo, 1991) and immediately after the second cysteine in many 

CX2C-loop fingers (Gibson et al., 1988; Bernstein et al., 1994). TFIIIA contains 

seven fingers exhibiting CX4C spacing (Gibson et al., 1988).

The linker regions between zinc fingers have been proposed to play a 

role in finger orientation and /o r DNA binding (Kochoyan el al., 1991d; 

Pavletich & Pabo, 1991). The odd finger consensus sequence for this region is; 

I•IX3ITTGEKPF/  YXCX„C (where X is any residue) (Gibson et al., 1988). Proline 

is found conserved three residue positions before the first coordinating 

cysteine and may form a hydrophobic interaction with an adjacent conserved 

aromatic amino acid (underlined) (Gibson et al., 1988; Pavletich & Pabo, 1991). 

This weak interaction and the restricted structure of proline could help to 

stabilize a preferred linker conformation and orient adjacent fingers for



optimal DNA binding along the major groove. Even fingers have been 

proposed to contain a C-terminal helix-linker motif of the sequence HX4ITX3- 

h ydrophobic-PX?CX„C that allows crossing over of the minor groove and 

placement of the adjacent finger in the major groove of DNA (Kochoyan et 

al., 1991d). The hydrophobic residue (underlined) conserved four positions 

before the adjacent CXnC-loop may enter the minor groove and provide 

stabilizing hydrophobic interactions (Kochoyan et al., 1991d). This 

hydrophobic residue is replaced by a conserved lysine in odd fingers (Gibson 

et al., 1988; Kochoyan et al., 1991d). Such a 'jumping-linker' conformation is 

suggested to occur between even and odd fingers of ZFY and between fingers 

three and four of TFIIIA.

Interactions between adjacent C2FI2 zinc fingers have been investigated 

by NMR of MBP-1 (Omichinski et al., 1992) and SWI5 (Nakaseko et al., 1992) 

derived two-finger peptides and by X-ray crystallography of the DNA-binding 

domains of Z//268 (Pavletich & Pabo, 1991) and GLI (Fairall et al., 1993) 

complexed with their respective DNA target sequences. No general structural 

rules are apparent for finger-finger interactions. Interfinger contacts are not 

observed for the SWI5 peptide, with the two fingers connected by a flexible 

linker sequence (Nakaseko et al., 1992), In contrast, the two fingers derived 

from MBP-1 interact through amino acid-mediated hydrophobic and 

hydrogen bond contacts between the C-terminal helix-linker region of one 

finger and the finger 'tip' region of the adjacent zinc finger (Omichinski et al.,

1992) (Figure 4.4). Similar hydrogen bonding schemes are also observed 

between fingers one through three of Z//268 (Pavletich & Pabo, 1991) and two 

through five of GLI (Pavletich & Pabo, 1993). More extensive contacts are 

observed between fingers one and two of GLI, with backbone-mediated 

hydrogen bond contacts and a tryptophan-tryptophan hydrophobic interface.
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Figure 4,4 Schematic representation of the interfinger orientations of (A) 

MBP-1 zinc fingers and (B) Z//268 fingers one and two. The C-terminal finger 

of MBP-1 and finger two of Z//268 are shown at the bottom of each panel 

(Omichinski et al., 1992).



It is important to note that the absence of interfinger interactions does not 

necessarily indicate the absence of a specific orientation of zinc fingers in 

solution. Other regions of the trans-acting factors not present in the 

experimental peptides may play a role in zinc finger spatial orientation and 

enhance nucleic acid interactions.

4.1.2 DNA sequence recognition by C2H2 zinc finger domains

Zinc fingers are proposed to bind to regions of DNA that contain an 

enlarged major groove (Nekludova & Pabo, 1994). Such DNA conformations 

may exist within free DNA at junctions between B-form and A-like DNA 

sequences (Huber et al., 1991) or may be induced through protein binding 

(Nekludova & Pabo, 1994). Widening of the major groove may allow access 

of the zinc finger a-helix to bases on the DNA.

Comparison of the X-ray crystallographic structures of Zj/2.68 (Pavletich 

& Pabo, 1991), GLI (Pavletich & Pabo, 1993), and Tramtrack (Fairall et al., 1993) 

complexed with their respective DNA recognition sequences have helped to 

identify conserved hydrogen bond contacts between odd C2H2 zinc fingers 

and the DNA backbone. A conserved basic amino acid (K/R2) two positions 

from the second coordinating cysteine in fingers one through three of Z//2 6 8 , 

finger one of Tramtrack, and finger two of GLI is observed to make contact 

with DNA phosphates. A second interesting DNA backbone contact by odd 

fingers is a zinc-histidine-phosphate 'charge relay' interaction established by 

the first coordinating histidine. This contact is observed for fingers one 

through three of Z//268, fingers two through three of GLI, and finger two of 

Tramtrack, Studies on Tramtrack (Fairall et al., 1993) and ADR1 (Bernstein et 

al., 1994) suggest that zinc fingers with both IIX3 II and IIX4II spacing within 

the helical region can form this important DNA backbone interaction. Thus,



this histidine residue participates in three critical functions; zinc 

coordination, hydrophobic interactions in the finger core, and stabilization of 

finger docking into the major groove of DNA. It must be stressed that 

additional non conserved residues within each finger contribute to non­

specific DNA binding and that the conserved amino acid positions 

mentioned above do not contribute equally to protein-DNA interaction 

within all odd zinc fingers.

Specific amino acid-base contacts between C2H 2 zinc fingers and DNA 

have been identified by sequence analysis (Jacobs, 1992), X-ray crystallography 

of Z//268, GLI, and Tramtrack (Pavletich & Pabo, 1991; 1993; Fairall et al., 1993), 

phage display of Z//268 (Jamieson et al., 1994; Rebar & Pabo, 1994; Choo & 

Klug, 1994a), and differential selection of DNA binding sites with Zi/268, Krox 

20, and Spl derivatives and with an artificial finger protein, CP-1 (Nardelli et 

al., 1991; Desjarlais & Berg, 1992; Desjarlais & Berg, 1993; Desjarlais & Berg, 

1994; Choo & Klug, 1994b). The combination of these methods have shown 

that the relationship between contacting amino acid to bound DNA base pair 

is essentially one to one for Z//268, Spl, Krox20, and ADR1. Thus, a single 

amino acid at a conserved position within the finger helix is responsible for 

contacting one base pair within the DNA binding site (Pavletich & Pabo, 1991; 

Choo & Klug, 1994a; Choo & Klug, 1994b) (Figure 4.5A). Each individual zinc 

finger associates with a three base pair subsite based on an interaction 'code' 

established using Z//268 (Choo & Klug, 1994b) (Figure 4.5B). This code may be 

generally applicable to a family of zinc finger proteins that interact with their 

binding sites in a similar fashion (Z//268, Spl, Krox20, ADR1, and Tramtrack), 

However, the interaction of GLI with DNA suggests that this interaction code 

is not universal and may be subject to variation (Pavletich & Pabo, 1993),
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Figure 4.5 DNA sequence recognition by zinc finger domains. (A) The 

interaction of amino acid residues within the Zif268  finger one helical region 

with the DNA subsite 5 'GCG3' is shown (Jamieson et al,, 1994). (B) The 

recognition code between core amino acid residues within the zinc finger and 

three base pair subsifes within the DNA binding site is depicted (Choo & 

Klug, 1994b). Auxiliary residues within the same finger at position +2 and 

within the adjacent finger at position ++2 influence base contacts by amino 

acid residues at positions "1 and position +6 , respectively.



The core contact amino acid residues within the zinc finger a-helix are 

found at the conserved positions ~\,  +3, and +6 , where +1 refers to the first 

helical residue (Choo & Klug, 1994a; Rebar & Pabo, 1994) (Figure 4.5A). The 

finger residue at position +6 contacts the 5' base pair, position +3 contacts the 

central base pair, and position "1 interacts with the 3' base pair of the DNA 

subsite. The zinc finger a-helix is, therefore, positioned anti-parallel to the 

DNA binding site (N- to C-terminus of the finger helix oriented 3' to 5 Hong 

the DNA) (Pavletich & Pabo, 1991). Auxiliary amino acid residues at position 

+2, and to a lesser extent at other positions, can influence the type and 

strength of contacts established by adjacent core residues and thereby affect 

DNA binding site recognition (Choo & Klug, 1994b; Rebar & Pabo, 1994; 

Jamieson et al., 1994) (Figure 4.5A). These studies have also indicated that it is 

the amino acid complement at core and auxiliary helical positions that results 

in different contributions by individual zinc fingers to the free energy of DNA 

binding (Desjarlais & Berg, 1992; Kriwacki et al., 1992; Bernstein et al., 1994). 

Thus amino acid sequence context witin the zinc finger a-helix as well as 

sequence context within the DNA binding site function in establishing high 

affinity complex formation.

4.1.3 The TFIIIA nucleic acid binding domain

A number of mutagenesis studies of TFIIIA have been carried out in 

order to understand the function of zinc fingers in DNA binding and 

organization of the TFIIIA-5S RNA gene complex. It appears that the 

contributions made to promoter binding are non equivalent between the 

nine zinc fingers of TFIIIA. Energetically favorable interactions between 

TFIIIA and the 5S RNA gene promoter may be established by clusters of zinc 

fingers that contribute to the binding energy in an inter-dependent manner



(Del Rio et al., 1993a; Clemens et al., 1994). The first three zinc fingers provide 

95 percent of the DNA binding energy and interact with the box C element of 

the 55 RNA gene promoter (Vrana et al., 1988; Christensen et al., 1991; 

Clemens et al., 1992; Hayes & Clemens, 1992; Liao et al., 1992; Hansen et al., 

1993; Del Rio et al., 1993a; Clemens et al., 1994; Veldhoen et al., 1994). A 

polypeptide containing fingers one through three of TFIIIA binds to the 5S 

RNA gene with a dissociation constant of 5.6 ±  0.9 nM, representing only a 

two-fold lower affinity comr ired with the full length protein (Liao et al., 1992; 

Clemens et al., 1994). The remaining zinc fingers and the C-terminal domain 

critical for maximal transcription interact with the intermediate and box A 

elements within the promoter and are oriented towards the 5' end of the gene 

(Vrana et al., 1988; Del Rio et al., 1993a). Finger five is proposed to contact the 

intermediate element, while fingers seven through nine interact with the box 

A promoter element (Clemens et al., 1992; Clements et al., 1994). Single 

amino acid substitutions within the helical regions of fingers four and six 

reduced DNA binding of a seven-finger TFIIIA polypeptide eight-fold and 17- 

fold, respectively (Clemens et al., 1994). Substitution of the second an ’ first 

zinc coordinating cysteine residues within fingers four and six, respectively, 

results in protection of base pair positions +78 through +96 within the 5S 

RNA gene promoter from DNase I attack (Smith et al., 1991), Therefore, these 

fingers may provide additional contacts to the 5S RNA gene promoter that 

increase the rate of complex formation or stabilize the TFIIIA-promoter 

interaction. Zinc lingers eight and nine of TFIIIA may also contribute directly 

to transcription activation in v ivo  (Rollins et al., 1993; Del Rio & Setzer, 

1993b). In contrast, mutations that destabilize the folded conformation of zinc 

fingers four and six increase the transactivation activity of the mutant 

TFIIIAs above that of the wild type protein (Rollins et al., 1993), Thus



different functional roles exist for the zinc fingers within TFIIIA, resulting in 

a cooperative and polarized interaction with the 5S RNA gene by the multi­

finger nucleic acid binding domain and activation of 5S RNA transcription.

Within the N-terminal three-finger cluster of TFIIIA there is non 

equivalence in contributions made to DNA binding. Studies using in vi tro  

translation (Vrana et al., 1988) or bacterial expression (Fiser-Iittell et al., 1988; 

Smith et al., 1991) systems suggest that removal of finger one significantly 

reduces TFIIIA DNA-binding activity. In contrast, finger one truncation 

(Theunissen et al., 1992) and destabilization (Del Rio et al., 1993a) mutants 

purified to homogeneity exhibit DNA binding activity similar to wild type 

TFIIIA. Disruption of finger two conformation reduces DNA binding 

approximately seven-fold, while similar disruption of finger three reduces 

TFIIIA-5S RNA gene interaction 26-fold (Del Rio et al., 1993a). Polypeptides 

containing fingers one and two or two through four do not interact 

specifically with the 5S RNA gene (Liao et al., 1992). The N-terminal 12 

amino acid residues of TFIIIA that are not within the zinc finger nucleic acid 

binding domain do not contribute to DNA binding (Vrana et al., 1988; 

Clemens et al., 1992).

The first three fingers of TFIIIA are connected by the linker sequence, 

TGEKP/N, found highly conserved in many zinc finger proteins (Figure 1.7). 

The other linkers of TFIIIA vary considerably from this consensus. 

Substitution mutation of these two N-terminal linkers with heterologous 

linkers from X e n o p u s  p43 protein or with non conserved amino acids 

indicates that the native sequence is essential for efficient DNA binding 

and/or complex stability (Smith et al., 1991; Choo & Klug, 1993; Clemens et al., 

1994). Swapping the finger one-two linker for the finger three-four linker of 

TFIIIA also reduces DNA binding considerably (Choo & Klug, 1993). This



suggests that individual linker sequences are functionally distinct in their 

contributions to TFIIIA-DNA complex formation. Single amino acid 

substitution of threonine, lysine, or proline within the first linker of TFIIIA 

reduced DNA binding between seven and 13-fold, while substitution of the 

glycine residue resulted in a 24-fold reduction in DNA interaction (Choo & 

Klug, 1993). Linker sequences between fingers three and four and between 

fingers six and seven are suggested to adopt a conformation that allows exit of 

the downstream finger from the major groove of DNA (Kochoyan et al., 

1991d; Hansen et al., 1993). Thus, individual linker sequence appears to be 

important for TFIIIA-DNA complex assembly an d /o r stability and may 

function in the correct orientation of adjacent finger domains.

While fingers one through three of TFIIIA are required for high 

affinity DNA binding, the central zinc fingers four to seven are sufficient for 

high affinity RNA binding (Darby & Joho, 1992; Bogenhagen, 1993; Clemens et 

al., 1993). Single amino acid substitutions at position Q121 within finger four 

and positions T176, W177, T178 within finger six reduce 5S RNA binding 

four-fold to 30-fold (Clemens et al., 1993). These residues may be located on 

the surface of each finger at the N-terminal end of the a-helix, suggesting that 

base-specific contacts could be formed with 5S RNA similar in architecture to 

zinc finger-DNA interactions that occur in the major groove of the 5S RNA 

gene.

To identify amino acid residues within the first three zinc fingers of 

TFIIIA critical for nucleic acid interaction, a set of finger swap and scanning 

substitution mutants of TFIIIA './ere generated by PCR-mediated site-directed 

mutagenesis. The donor sequence used in this study originates from zinc 

finger 31 of the X e n o p u s  protein, Xfin. Xfin contains 37 C2H2 zinc fingers and 

is expressed in both the oocyte and highly differentiated cells of X e n o p u s



(Ruiz i Altaba et al., 1987). Xfin does not exhibit significant DNA binding 

activity, however, its interaction with RNA suggests that this protein may 

function in post-transcriptional regulation of mRNA (Andreazzoli et al.,

1993). Wild type and mutant TFIIIA proteins were expressed in a bacterial 

system and purified to homogeneity (Del Rio & Setzer, 1991; Veldhoen et al.,

1994). The relative association constants of these mutants with 5S RNA and 

the 5S RNA gene were determined using a nitrocellulose filter binding assay.

The present TFIIIA mutagenesis analysis was part of a collaborative 

study with Wei Qing Zang from Dr. Romaniuk's research group. Wei Qing 

Zang constructed and assayed TFIIIA mutants containing substitutions of 

X e n o p u s  p43 procein sequence (Zang et al., in preparation). The effects of 

TFIIIA mutants containing Xfin 31 sequence will be compared with the 

TFIIIA-p43 mutants in the discussion.

4.2 Methods and Materials

4.2.1 Bacterial strains and DNA vectors

Plasmid pT7-TF containing the TFIIIA cDNA (Ginsberg et al., 1984) was 

kindly provided by J. Tso. The N d e  1 / B a m  HI fragment of pT7-TF was cloned 

into the same sites within pET-llb (Studier et al., 1990) to yield pTF4 (Figure 

4.6). Plasmid pXlo contains a synthetic oocyte-type X e n o p u s  5S RNA gene 

cloned into the Eco RI and Bam  HI sites of pUC18 (Romaniuk et al., 1987a). 

All plasmids were maintained in E. coli strain JM109 and protein expression 

was carried out in E. coli strain BL21(DE3).

4.2.2 Construction of mutant TFIIIA expression vectors

TFIIIA m utant TX1 was produced using a combination o f  shotgun 

ligation followed by extension of the mutant sequence by PCR-mediated site-



directed mutagenesis. Xfin finger 31 sequence was introduced into the TFIIIA 

cDNA on the 5' side of a P s t  I restriction site within finger one by shotgun 

ligation of overlapping oligonucleotides (Romaniuk et al., 1987a). The 

resulting mutant construct, TX1.1, was extended using PCR-mediated site- 

directed mutagenesis to generate the full Xfin finger 31 swap mutant of 

TFIIIA finger one (Nelson & Long, 1989).

The TFIIIA finger two m utant, TX2, was generated using an 

oligonucleotide overlapping two-stage PCR technique (Dillon & Rosen, 1990). 

Four long partially overlapping oligonucleotide primers were used to PCR 

amplify DNA fragments encoding fingers one to three of TFIIIA that 

incorporated the designated mutant sequence as well as flanking Pst  I and 

B a m  H I/ B g l  II sites for insertion into pUC19 and pTF4 (Figure 4.7). The 

amplified DNA product was initially cloned into the P s t  I and Barn ITI 

restriction sites of pUC19 and identified by sequence analysis. The resulting 

subclone was digested by Pst  I and Bgl  II and the purified DNA fragment was 

cloned into the same sites in pTF4.

The first stage reaction (20 pi) contained; 10 mM Tris-HCl pH 8.3 at 

20°C, 1.5 mM MgCl2, 25 mM KC1, 50 pg/m l gelatin, 1 nmol each of dTTP, 

dGTP, dATP, and dC’TP, 40 pmol external primers, 4 pmol internal primers, 

and 0.5 units Taq DNA polymerase. Eight rounds of thermal cycling were 

carried out using a denaturation temperature of 94°C (1.5 minutes), an 

annealing temperature of 50°C (1.5 minutes), and an extension temperature of 

72°C (two minutes). This PCR amplification generated the template DNA 

containing the desired TFIIIA substitution mutation. The second stage 

reaction (100 pi) contained; 10 mM Tris-HCl pH 8.3 at 20°C, 1.5 mM MgCl2, 25 

mM KC1, 50 pg/m l gelatin, 5 nmol each of dTTP, dGTP, dATP, and dCTP, 1 pi 

stage one reaction product, 20 pmol M13 forward and reverse universal



primers, and 2.5 units Taq DNA polymerase. Thirty rounds of thermal 

cycling were carried out using a denaturation temperature of 94°C (1.5 

minutes), an annealing temperature of 55°C (1.5 minutes), and an extension 

temperature of 72°C (two minutes).

The scanning substitution mutants within fingers one to three of 

TFIIIA (TX1.2 in finger one, TX2.1 to TX2.7 in finger two, and TX3.1 to TX3.7 

in finger three) were constructed using a PCR-mediated site-directed 

mutagenesis procedure (Nelson & Long, 1989) (Figure 4.8). pUC-TFl-3, which 

contains the N d e  I / B g l  II fragment of TFIIIA cDNA cloned into the Kpn  I and 

B a m  HI sites of pUC19, was used as the PCR template. In the first stage, the 

mutagenic sequence (MP) and a unique flanking priming site (FUMP) were 

incorporated into the wild type template DNA. This PCR product was agarose 

gel purified using Mermaid (Bio 101) to remove unincorporated primers and 

resuspended in 30 pi water. An extension step was performed in order to 

extend the first stage PCR product along wild type template DNA and 

incorporate a second priming site. Finally, this extended product was PCR 

amplified in the second stage to produce the full length mutant DNA. Each 

mutant DNA was initially subcloned into pUC19 (Eco RI and P s t  I sites) for 

sequence verification and then introduced back into pTF4 using the unique 

N d e  I and Bgl  II restriction sites.

The first stage reaction (50 pi) contained; 10 mM Tris-HCl pH 8.3 at 

20°C, 1.5 mM MgCl2, 25 mM KC1, 50 pg/m l gelatin, 2.5 nmol each of dTTP, 

dGTP, dATP, and dCTP, 10 pmol FUMP and mutagenic primer, 1 ng 

linearized pUC-TFl-3 template, and 1.25 units Taq DNA polymerase. Twenty- 

six rounds of thermal cycling were carried out using a denaturation 

temperature of 94°C (1.5 minutes), an annealing temperature of 37 °C to 45°C 

(1.5 minutes), and an extension temperature of 72°C (two minutes).
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Figure 4.6 Schematic representation of the recombinant TFIIIA expression 

plasmid, pTF4. Only unique restriction enzyme sites used in construction of 

the TFIIIA mutants are shown
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Figure 4,7 Schematic representation of the template-independent PCR 

mutagenesis procedure used to create the TFIIIA finger two substitution 

mutant, TX2 (Dillon & Rosen, 1990).
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Figure 4.8 Schematic representation of the PCR-mediated site-directed 

mutagenesis procedure used in construction of scanning substitution 

mutations within TFIIIA (Nelson & Long, 1989).



The extension reaction (80 |a.l) contained; 10 mM Tris-HCl pH 8.3 at 20°C, 1.5 

mM MgCl2, 25 mM KC1, 50 pg/m l gelatin, 5 nmol each of dTTP, dGTP, dATP, 

and dCTP, 1 ng linearized pUC-TFl-3 template, 1 pi to 3 pi stage one PCR 

product, and 2.5 units Taq DNA polymerase. Five rounds of thermal cycling 

were carried out using a denaturation temperature of 94°C (1.5 minutes), an 

annealing temperature of 45°C (1.5 minutes), and an extension temperature of 

72°C (two minutes). The mutant DNA was amplified with the addition of 20 

pmol universal mutagenic (UMP) and Ml 3 reverse universal (RUP) primers 

in 20 pi reaction buffer. Thermocycling temperatures and times were 

identical to those used in the first stage.

4.2.3 Expression and purification of recombinant wild type and mutant 

TFIIIA proteins

Preparation of wild type and mutant TFIIIA proteins were carried out 

as described in section 2.2.2 and by (Veldhoen et al., 1994). Protein purity was 

confirmed by SDS-PAGE analysis (Figure 4.9) and the concentration of each 

protein preparation was determined by the method of Bradford (1976) using 

bovine serum albumin as a standard.

4.2.4 Synthesis and radiolabeling of the 5S RNA gene and 5S RNA

The 5S RNA gene was released from plasmid pXlo using the restriction 

endonucleases Eco RI and H in d  III and end-labeled with [a-32P]-dATP and the 

Klenow fragment of E. coli DNA polymerase I (Sambrook et al., 1989). The 40 

pi reaction contained; 50 mM Tris-HCl pH 7.2, 10 mM MgCl2, 1 mM DTT, 50 

pg/m l BSA, 0.2 mM each of dCTP, dGTP, dTTP, 40 pCi [<x-32p]-dATP, 1 pg 

digested pXlo, and 9 units of Klenow (New England Biolabs). The labeling 

reaction was incubated at ambient temperature (22°C) for 30 minutes and



132

TFIIIA Finger 2 Mutants

TFIIIA Finger 3 Mutants

Figure 4.9 SDS-PAGE analysis of TFIIIA mutants containing scanning 

substitution mutations within fingers two and three. TFIIIA mutants were 

purified by ion exchange chromatography from induced coli cell extracts.



chased with the addition of 0.2 mM dATP for five minutes. Labeled DNA 

containing the 5S RNA gene was purified by electrophoresis on a 8% non­

denaturing polyacrylamide gel (29:1, acrylamide:bis; 16 x 16 cm x 0.75 mm), 

eluted for 16 hours, and ethanol precipitated.

X e n o p u s  oocyte-type 5S RNA was produced by in v i tro  transcription 

and end-labeled at the 3' terminus with [5'-32P]-pCp and T4 RNA ligase as 

described in section 3.2.3 and by Romaniuk (1985); Romaniuk et al., (1987a). 

The efficiency of radiolabel incorporation into both 5S RNA and the 5S RNA 

gene was measured using a LKB 1214 Rackbeta Scintillation counter and 

toluene with 0.4% (w/v) PPO (Sigma) added as scintillant.

4.2.5 Equilibrium binding of the 5S RNA gene and 5S RNA to TFIIIA 

substitution mutants

The apparent association constants for the binding of radiolabeled 5S 

RNA and the 5S RNA gene to wild type and m utant TFIIIAs were 

determined using a nitrocellulose filter binding assay as described in section

2.2.4 and by Romaniuk (1985; 1990). Nitrocellulose filter binding reactions of 

end-labeled 5S RNA did not contain poly dl-dC as a competitor nucleic acid.

4.3 Results

4.3.1 Substitution mutagenesis of TFIIIA

To determine the basis of zinc (inger-DNA interaction, a series of 

amino acid substitution mutants of TFIIIA were generated that incorporated 

Xfin finger 31 sequence into the first three fingers of TFIIIA. The 5S RNA 

gene and 5S RNA binding affinities for mutant TFIIIAs were assayed using a 

nitrocellulose filter binding assay. This method identifies amino acid



sequences within the N-terminal zinc fingers of TFIIIA that contribute to the 

free energy of TFlIIA-nucleic acid complex formation.

The substitution of Xfin zinc finger sequence in place of TFIIIA finger 

domains is advantageous in that all the structural determinants required to 

maintain the finger conformation are retained (Michael et al., 1992), This 

includes the metal ion coordinating residues as well as the hydrophobic core 

amino acids. Effects on nucleic acid binding activity can then be interpreted as 

a loss or gain of contacts due to amino acid substitution rather than to drastic 

conformational changes in zinc finger structure. The results of tharmolysin 

protease digestion analysis of the TFIIIA mutant proteins suggests that none 

of the substitution mutations introduced major conformational changes from 

that of wild type TFIIIA. However, in many cases residues other than the 

"structural" amino acids are found to be conserved between TFIIIA and the 

donor Xfin finger 31. This conservation of amino acid residues may lead to 

the retention of critical amino acid-DNA contacts by chimaeric TFIIIA 

mutants. This effect is observed for Xfin sequence substitutions at positions 

62R (mutant TX2.5), where the DNA binding affinity is similar to wild type 

TFIIIA (position one denotes the N-terminal methionine of TFIIIA) (Figure 

4/11). In contrast, alanine substitution at this position severely affects DNA 

binding ability. Thus, substitution mutagenesis has the advantage of 

retaining overall zinc finger structure but may also result in certain critical 

DNA contact amino acids evading detection.

4.3.2 Effects of finger swap mutations of TFIIIA on nucleic acid binding 

activity

As a first step towards the identification of zinc finger domains 

important for the interaction of TFIIIA with the 5S RNA gene, full finger
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Table 4.1 The effects of TFIIIA finger substitution mutations on binding

activity to the 5S RNA gene and 5S RNA.

M utant0 TFIIIA fingers Relative Ka for binding Relative Ka for

replaced to the 5S RNA Gene*7 binding to 5S RNA*7

TX 1 1 0.91 ± 0.10 1.17 ±0.12

TX 2 2 0.28 ± 0.08 1.15 ±0.12

flThe nomenclature 'TX' refers to TFIIIA substitution mutations made using 

Xfin protein finger 31 as the donor. ^Relative Ka is determined as the ratio of 

the apparent association constant for the mutant protein to the apparent 

association constant for the wild type protein. Average of three or more 

independent determinations.
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substitution mutants of TFIIIA fingers one and two were constructed and 

purified. The results of nucleic acid binding analysis indicate that substitution 

of finger two of TFIIIA reduced 5S RNA gene binding affinity (Table 4.1). In 

contrast, the finger one substitution mutant retained wild type DNA binding 

activity. These results agree with studies performed using truncated forms of 

TFIIIA (Christensen et al., 1991; Liao et al., 1992; Hansen et al., 1993) and 

"broken finger" mutants (Del Rio et al., 1993a) that identify fingers two, three, 

and four as important for TFIIIA-DNA complex formation. Substitution of 

TFIIIA finger three with the corresponding finger from the X e n o p u s  p43 

protein has also been shown to reduce TFIIIA-5S RNA gene interaction over 

100-fold (Zang et al., in preparation). Finger one and two substitution 

mutants exhibit 5S RNA binding activity similar to wild type TFIIIA, These 

results are not surprising as it has been demonstrated that fingers four to 

seven of TFIIIA are required for high affinity 5S RNA binding (Clemens et al„ 

1993; McBryant et al., 1995).

4.3.3 Effects of scanning substitution mutations of TFIIIA on nucleic acid 

binding activity

Several groups have found that fingers one to three of TFIIIA bind to 

the box C element of the 5S RNA gene promoter and that this interaction 

provides the majority of the free energy for high affinity binding of TFIIIA to 

the 5S RNA gene (Vrana et al, 1988; Christensen et al„ 1991; Liao et al., 1992; 

Del Rio et al., 1993a). In order to identify amino acid sequences within the 

first three zinc fingers of TFIIIA involved in contacts to DNA, a series of 

scanning substitution mutants were constructed (Figure 4,10), Examples of 

binding curves generated from analysis of various TFIIIA mutants with the 

5S RNA gene and 5S RNA are shown in Figures 4.11 and 4,12, respectively.
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Figure 4.10 Location of scanning substitution mutations within the first three 

zinc fingers of TFIIIA. For each mutant, a dash indicates that an amino acid at 

that position is identical with that of wild type TFIIIA. A (A) symbol indicates 

that an amino acid has been deleted at that position in the mutant protein. 

The nomenclature 'TX' refers to mutants containing sequence from finger 31 

of the Xfin protein.
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determinations.



139

1.0

TFIIIA

0.8 TX2.4

TX3.4

o‘43iHo
&IH

0.2

0.0

Protein Concentration (M)
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with oocyte-type 5S RNA indicating the average of three or more 

determinations.
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Table 4.2 The effects of TFIJTA scanning substitution mutations on binding 

activity to the 5S RNA gene and 5S RNA.

Mutant* Relative Ka for binding to the 

5S RNA Gene*>

Relative Ka for binding to 

5S RNA*’

TX 1.1 0.9410.06 0.9710.11

TX 1.2 0.8410.06 1.2310.05

TX 2.1 0.8810.12 1.0010.02

TX 2.2 0.7710.05 1.1210.22

TX 2.3 0.8910.10 1.1610.12

TX 2.4 0.341 0.04 1.0710.10

TX 2.5 0.7510.17 0.8710.08

TX 2.6 0.7210.19 0.9610.01

TX 2.7 0.221 0.07 0.921 0.07

TX 3.1 1.2510.23 0.9710.02

TX 3.2 0.5110.17 0.961 0.06

TX 3.3 0.6510.18 1.0110.13

TX 3.4 0.1610.03 1.0710.15

TX 3.5 1.2310.21 1.1010.07

TX 3.6 0.3310.02 1.2210.17

TX 3.7 0.6710.10 1.3210.10

flThe nomenclature 'TX' refers to TFIIIA substitution mutations made using Xfin protein finger 31 

sequence as the donor. ^Relative Ka is determined as the ratio of the apparent association 

constant for the mutant protein to the apparent association constant for the wild type protein, 

Average of three or more independent determinations,



The effects of these scanning substitution mutations of TFIIIA on nucleic acid 

binding activity are summarized in Table 4.2.

The "finger tip" region of finger two and the a-helical regions of both 

fingers two and three of TFIIIA are involved in DNA binding. These a- 

helical regions contain a number of polar and basic amino acid residues that 

are in a position suitable for contacting the 5S RNA gene (Figures 4.13 and

4.14). A double mutant designated T X2.7 , containing an alanine substitution 

within the sequence context of the scanning mutant TX2.5, was constructed. 

The mutant TX2.7, when compared with mutant TX2.5, suggests that the 

arginine residue at position 62 within finger two is essential for specific 

recognition of the 5S RNA gene promoter. Finger three provides a critical 

region within the a-helix required to maintain high affinity DNA binding 

(Table 4.2, Figure 4.10). The use of a-helical residues within the zinc finger to 

contact DNA is supported by X-ray crystallographic studies of co-crystals 

containing the DNA binding domains of Zi/268 (Pavletich & Pabo, 1991), GLI 

(Pavletich & Pabo, 1993) and Tramtrack (Fairall et al., 1993) associated with 

their respective DNA recognition sites.

4.4 Discussion

TFIIIA performs two essential functions in immature oocytes of 

Xetiopus. It acts as a positive 5S rRNA gene-specific transcription factor in the 

nucleus and interacts with 5S RNA to form a stable 7S RNP storage complex 

in the cytoplasm of immature oocytes. The characterization of TFIIIA 

structure and function is necessary for understanding the developmental 

regulation of 5S rRNA genes. In  vitro  transcription-translation of a TFIIIA 

cDNA (Vrana et al., 1988) and the high yield purification of active 

recombinant TFIIIA expressed in E. coli (Del Rio & Setzer, 1991) have made
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mutagenesis studies feasible. In this study, a series of substitution mutants of 

X e n o p u s  TFIIIA were successfully expressed in E. coli and purified to 

homogeneity. The apparent association constants were measured using a 

nitrocellulose filter binding assay. None of the mutants analyzed exhibited a 

significant increase in DNA. or RNA binding above that of wild type TFIIIA. 

This suggests that the reduction in DNA binding activity of individual TFIIIA 

mutants reflects either the loss of wild type DNA base or backbone contacts or 

a localized change in finger conformation that may affect finger docking.

Studies using deletion mutants of TFIIIA revealed that the N-terminal 

fingers form specific contacts with the box C element of the 5S rRNA gene 

promoter, while C-terminal zinc fingers interact with the box A promoter 

element (Vrana et al., 1988; Fiser-Littel et al., 1988). The locations of contacts 

between individual zinc fingers of TFIIIA and the 5S rRNA gene promoter 

have been elucidated using nuclease and chemical protection analyses of 

truncated TFIIIA mutants (Hanas et al., 1989; Christensen et al., 1991; Hayes & 

Clemens, 1992; Clemens et al., 1992; Hansen et al., 1993). These studies 

provide a model for the interaction of TFIIIA with the 5S RNA gene 

promoter in which fingers one to three, finger five, and fingers seven to nine 

contact the box C, intermediate, and box A elements, respectively (Clemens et 

al., 1992; Clemens et al., 1994).

Quantitative binding analysis of truncated TFIIIA mutants suggests 

that the first three fingers of TFIIIA are sufficient for high affinity interaction 

with the 5S RNA gene (Liao et al., 1992). In addition, fingers two and three 

provide a major contribution to the free energy of TFIIIA-5S DNA complex 

formation (Vrana et al., 1988; Del Rio et al., 1993a), Association of TFIIIA with 

the 5S RNA gene may be initiated by these N-terminal fingers, as the 

remaining C-terminal six zinc fingers can not bind to DNA independently,



DNA binding analysis of "broken finger" TFIIIA mutants indicate that zinc 

fingers three and four provide energetically critical promoter contacts, while 

fingers one and two are dispensable for high affinity TFIIIA-DNA interaction 

(Del Rio et al., 1993a). This apparent variability in determination of the 

energetic contributions made by individual zinc fingers may arise due to 

differences in TFIIIA mutant protein conformation and methods of analysis. 

The use of in vitro translated TFIIIA places restrictions on the available 

quantity of protein for analysis (Vrana et al., 1988). In this case, a reduction in 

DNA binding activity of four-fold or more may be outside the range of 

available in v i tro  translated protein required to accurately determine the 

association constant. In addition, the use of truncated or "broken finger" 

mutants of TFIIIA may result in long range effects on protein-DNA 

interaction. Local destruction of finger conformation could lead to a 

misalignment of downstream fingers within the DNA major groove of the 5S 

RNA gene. Thus, the effect of this local mutation on the DNA binding 

energy may be amplified by an overall alteration in TFIIIA positioning on the 

5S gene promoter.

The lack of energetically significant contacts between the 5S RNA gene 

and TFIIIA finger one is supported by the present results using Xfin finger 31 

substitution. Substitution of Xfin sequence for TFIIIA finger two results in a 

four-fold reduction in DNA binding activity. This decrease in the association 

constant may represent the loss of a small number of sequence-specific 

contacts within the box C promoter element (Vrana et al., 1988; Liao et al., 

1992). The importance of finger three in the association of TFIIIA with the 5S 

RNA gene is suggested by the severe reductions in DNA binding activity 

shown for Xfin finger 31 substitutions. The critical role finger three plays in



TFIIIA-DNA interaction has been observed in previous TFIIIA mutagenesis 

studies.

Recently, amino acid sequences within the linker segments separating 

zinc fingers have been shown to contribute to high affinity DNA binding by 

TFIIIA (Choo & Klug, 1993; Clemens et al., 1994). These results were obtained 

in the context of a polypeptide containing zinc fingers one through three of 

TFIIIA. Substitutions of the conserved TGEKP/N sequence between fingers 

one and two and between two and three resulted in a significant reduction in 

DNA binding. In contrast, replacement of the first (TGEKP) and second 

(TGEKN) linker sequences, with the corresponding Xfin finger 31 sequence 

(KNERP) did not significantly affect DNA binding of full length TFIIIA (Table 

4.2, Figure 4.10). Partial substitution of the third linker sequence (NIKI to 

KNKI) results in a modest reduction of less than two-fold. Similar results 

were obtained with substitutions of p43 protein linker sequences (Zang et al., 

in preparation). Thus, in the context of the full length TFIIIA protein, the 

contribution madt to DNA binding of the wild type N-terminal linker 

sequences is minimal. Possible changes in finger orientation that could alter 

TFIIIA interaction with the 5S RNA gene may be compensated for by 

favorable DNA-finger interactions towards the C-terminus. This indicates 

that linker sequences do display some versatility and can be swapped between 

zinc finger proteins. In contrast, substitution of natural' linker sequences 

with irrelevant amino acid residues may abolish their normal function in 

finger orientation ar.d DNA binding.

Structural comparison between metalloproteins (Berg, 1988) and amino 

acid sequence analysis of over 150 different C2II2 zinc fingers (Gibson et al,, 

1988) suggest that each finger consists of an N-terminal two-stranded (J sheet 

and a C-terminal a-helix stabilized by four zinc binding residues and a



hydrophobic core (Figure 4.1A). Structural analyses of individual zinc fingers 

by NMR support this model of the zinc finger motif (Parraga et al., 1988; Lee et 

al., 1989b). Determination of the X-ray crystallographic structure of Zi/268 

(Pavletich & Pabo, 1991), GLI (Pavletich & Pabo, 1993), and Tramtrack (Fairall 

et al., 1993) complexed with their respective DNA binding sites indicate that 

amino acids within the zinc finger a-helix provide the majo, ty of base 

contacts to DNA. The results of scanning mutagenesis of TFIIIA suggests that 

the ct-helical regions of both fingers two and three are required for high 

affinity interaction with the 5S RNA gene. However, the contributions made 

to TFIIIA-DNA interaction are not equivalent between the N-terminal zinc 

fingers. Replacement of finger three sequence reduces DNA binding activity 

up to six-fold (mutant TX3.4), while finger two substitution results in a four­

fold (mutant TX2.7) reduction in DNA binding. Non equivalence in the 

contribution to the free energy of DNA binding by individual zinc fingers is 

also observed for "broken finger" (Del Rio et al., 1993a) and truncated (Vrana 

et al., 1988) mutants of TFIIIA and may reflect differences in finger docking 

and/or the number of contacts made to DNA. The importance of the "finger 

tip" region in high affinity DNA binding is also observed for finger two of 

TFIIIA. Substitution of this region with the corresponding Xfin finger 31 

sequence reduces DNA binding activity three-fold (Table 4.2).

Highly conserved amino acid residues within zinc finger domains are 

expected to be either structurally important or involved in conserved non­

specific interactions with the phospho-ribose DNA backbone. In contrast, less 

conserved residue positions on the external face of the the a-helix may 

contribute to DNA binding affinity and specificity (Jacobs, 1992), The position 

of the a-helix within the zinc finger domain suggests two functional rep>ons 

exist: residues involved in internal contacts that serve to stabilize the zinc



finger structure and residues participating in external interactions with the 

DNA binding site (Figure 4.13). Substitution of either residue type may lead 

to loss of DNA contacts and a reduction in complex stability, Thus, the a- 

helix within each finger may display two functionally distinct groups of 

amino acid residues.

Based on sequence alignment, amino acids 57 to 68 within finger two 

and 87 to 99 within finger three of TFIIIA are predicted to form a-helices 

(Figure 4.14). Helical wheel representations of these zinc finger regions 

indicate that, in general, hydrophilic residues are located on one side of the a- 

helix and hydrophobic residues are positioned on the opposite side facing 

toward the internal core of the zinc finger domain (Figure 4.13). The solvent 

exposed face of the a-helix within each zinc finger contains core recognition 

amino acids at positions "1, +3 and +6 (relative to the first a-helical amino acid 

residue) that were initially identified for Zi/268 (Rebar & Pabo, 1994; Choo & 

Klug, 1994b) (Figure 4.13). These residue positions are occupied by serine 56, 

histidine 59, and arginine 62 within finger two and by threonine 86, 

asparagine 89, and lysine 92 within finger three of TFIIIA (Figures 4.13 and

4.14). Substitution of 56S and 59IT could contribute to the three-fold reduction 

in DNA binding activity .for m utant TX2.4 (Table 4.2). In addition, 

comparison of the effects on DNA binding activity of mutants TX2.5 and 

TX2.7 suggests a role for 62R in providing energetically important contacts to 

DNA (Table 4.2).

Substitution of amino acid residues from position 86 through 89 

within finger three of TFIIIA results in the greatest reduction in DNA binding 

(mutant TX3.4; Table 4,2). The most significant changes in amino acid 

identity are replacement of threonine with glutamic acid at position 86 and 

asparagine with alanine at position 89 (Figure 4,10). Both of these residues are



F ing er 3

Figure 4.13 Structural representation of a C2H 2 zinc finger. (A) The zinc 

finger structure is based on a model proposed by Berg (1988) and shows the 

polypeptide backbone conformation stabilized by zinc ion binding and a 

hydrophobic core. (13) Helical wheel diagrams of TFIIIA zinc fingers two and 

three are shown. Amino acids involved in stabilization of the finger 

structure are boxed, hydrophobic residues are outlined, and putative core 

recognition positions are circled (Rebar & Pabo, 1994; Choo & Klug, 1994b). 

Arrows in Panels (A) and (B) depict the putative first amino acid residue in 

the helical regions of fingers two and three.
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Figure 4.14 Alignment of zinc finger sequences indicating the location of 

amino acid residues that contact DNA. Protein-DNA contacts were identified 

by X-ray crystallography for GLI (Pavletich & Pabo, 1993), Tramtrack (Fairall et 

al., 1993), and Zi/268 (Pavletich & Pabo, 1991) proteins, Residues that interact 

with the phosphate backbone are shown with circles, while those that contact 

base pairs are boxed. Single amino acid residues within Krox20 that 

contribute to high affinity DNA binding are indicated with diamonds 

(Nardelli et al., 1991). Amino acid sequence within fingers two and three of 

TFIIIA that result in a two-fold or greater reduction in DNA binding activity 

when substituted are shaded. The amino acid positions within the o.-hclix 

are numbered above the alignment, where one denotes the first a-helical 

residue. The amino acid residues comprising the recognition code are shown 

below the alignment (Choo & Klug, 1994b). Open triangles denote core 

residue positions, while closed triangles identify auxiliary residue positions.



predicted to occur at postions within the a-helix involved in DNA base 

recognition (Rebar & Pabo, 1994; Choo & Klug, 1994b) (Figure 4.14). The third 

putative core recognition amino acid within finger three of TFIIIA is lysine 

92. This position is substituted with an arginine residue in mutant TX3.5 

which exhibits wild type DNA binding activity. However, single amino acid 

substitution of this basic residue with alanine reduces DNA binding 

substantially (Zang et al., in preparation). Thus, lysine and arginine may be 

functionally equivalent at this position and maintain the same base and /or 

phosphate contacts to DNA. The functional equivalence of these basic 

residues is also observed at the same helical position in finger two of TFIIIA 

(mutants TX2.5 and TX2.7). The wild type DNA binding activity of 

substitution mutant TX3.5 also suggests that methionine 90 is not required to 

stabilize the internal packing or orientation of the a-helical structure within 

zinc finger three. In contrast, deletion an d /o r replacement of the 

phenylalanine residues at positions 94 and 97 within the a-helix of finger 

three may destabilize the central hydrophobic core and contribute to the 

reduced DNA binding of mutant TX3.6. However, the three-fold reduction in 

DNA binding affinity for this mutant indicates that only one hydrogen bond 

contact equivalent is lost suggesting the presence of a more localized effect on 

finger structure and function. Perhaps, deletion of phenylalanine 94 results 

in a positional shift of arginine 96 and loss of DNA contacts by this basic 

residue. Single residue replacement mutations have identified 96R as 

important for DNA binding and the location of this residue within the C- 

terminal region of the a-helix suggests a role in contact to the DNA phospho- 

ribose backbone (Zang et al., in preparation) (Figure 4.14).

The positioning of TFIIIA zinc fingers along the ICR has been 

the subject of extensive investigation. The N-terminal first three fingers of
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TFIIIA protect a region extending from +77 to +96 within the box C element of 

the ICR from nuclease attack (Christensen et al., 1991; Liao et al., 1992; 

Clemens et al., 1994). Hydroxyl radical footprinting and SAAB analysis 

identifies a smaller region within the box C element from +79 to +91 as critical 

for high affinity TFIIIA-DNA interaction (Clemens et al., 1992; Hayes & 

Clemens, 1992; Veldhoen et al., 1994). The linker protein sequence between 

fingers two and three is adjacent to base pair TA84, as determined using 

photoreactive crosslinking (Lee et al,, 1991b). The reduction in DNA binding 

activity observed for scanning substitution mutants TX2.7, TX3.5 and TX3.6 of 

TFIIIA suggest that the basic amino acid residues at positions 62, 92 and 96 

provide direct contacts to base sequence and/or phosphate groups within the 

box C element.

Recently, a code for zinc finger-DNA recognition was established using 

phage display variants of Z//268 (Rebar & Pabo, 1994; Choo & Klug, 1994a, 

Choo & Klug, 1994b) (Figure 4.5B). This code may apply to a substantial subset 

of zinc finger proteins that recognize triplet base pair subsites along the DNA 

major groove. However, the role that TFIIIA plays in both DNA and RNA 

binding and the apparent complexity of its promoter binding site suggest that 

it may utilize a recognition code considerably different from that of the zinc 

finger subgroup that includes Z//268, Although the Zj/268-derived code may 

not successfully predict the possible DNA binding sites of all multi-finger 

proteins, it does indicate that recognition of a DNA binding site can be carried 

out by a relatively small group of amino acids conserved in their positions (“1,

+3, and +6, relative to the first a-helical residue) within the a-helix of each 

zinc finger. The interaction of these core residues with DNA can be 

modulated by auxiliary amino acids (such as position +2) which may increase 

DNA sequence discrimination on the basis of sequence-context, By



application of the present code to TFIIIA fingers two and three and comparing 

this with results obtained from amino acid substitution mutagenesis of 

TFIIIA and base pair analysis within the ICR (Sakonju & Brown, 1982; 

Veldhoen et al., 1994), a model may be obtained for the interaction of these 

fingers with the promoter sequence. The "core" residues within finger two 

are occupied by 56S, 59H, and 62R. These residues are predicted to recognize a 

three-base subsite containing the sequence GGN (where N denotes an 

unknown base identity). This subsite exists within the box C promoter 

element at base pair positions GC85, GC86, and GC87. It is interesting to note 

that GC87 provides a small contribution to the free energy of complex 

formation, suggesting a non optimal amino acid residue at position 56 

(serine) within TFIIIA for guanine (or cytosine) contact. This is supported by 

the recognition code, which predicts a basic residue at this location. In 

contrast, 62R is predicted to make a strong contact to the guanine base of 

GC85, which may be reflected by the severe reduction in complex formation 

upon mutation of either of these moieties, The "core" positions within 

finger three of TFIIIA are occupied by 86T, 89N, and 92K, while the "auxiliary" 

position contains alanine (residue 88A). The predicted DNA subsite contacted 

by this finger includes the sequence GAN. Mutagenesis of the ICR indicate 

that finger three may interact with a region of the box C sequence that 

includes GC81. GC82, and AT83 (Veldhoen et al., 1994). The strongest of these 

contacts occurs with GC81. The recognition code predicts a strong contact to 

this guanine by amino acid residue 92K, which can be functionally replaced 

with arginine.

In summary, zinc fingers two and three of TFIIIA are required for high 

affinity DNA binding, The a-helix of both fingers is involved in direct 

contacts to the box C element within the ICR. Basic amino acids that function



in DNA binding are found at conserved positions within the zinc fingers of 

TFIIIA and may form contacts with guanine bases on the non coding strand 

or the phospho-ribose backbone of the 5S RNA gene.

5.0 Conclusions

TFIIIA is a multi-functional protein that has evolved specialized 

structural domains for interacting with nucleic acids and with other proteins 

involved in 5S RNA synthesis. The interactions of TFIIIA with 5S RNA and 

the 5S RNA gene promoter have been the subject of intensive study over the 

past fifteen years. These studies have been predominantly qualitative in 

nature, relying on nuclease and chemical probing of protein-nucleic acid 

complexes established with wild type or deletion variants of TFIIIA, 5S RNA, 

or the 5S RNA gene. The few quantitative studies that have been performed 

have relied on truncation or substitution mutations within TFIIIA that may 

result in gross changes in protein structure. The present TFIIIA-5S RNA gene 

analyses have utilized a series of zinc finger sequence substitution mutants as 

well as single base pair substitution mutants of the 5S RNA gene promoter in 

an attempt to minimize changes in overall protein or DNA conformation. 

Changes in binary complex formation were quantified by nitrocellulose filter 

binding.

Results of these binding studies suggest that TFIIIA contacts a 13 base 

pair region of the 5S RNA gene promoter termed the box C element. 

Guanine-cytosine base pairs within this binding site provide the majority of 

the free energy of DNA binding with flanking sequence influencing TFIIIA 

binding in a context-dependent manner. Zinc fingers two and three are 

responsible for high affinity interaction with the 5S RNA gene box C



promoter element. Energetically important contacts are mediated through 

amino acid residues within the a-helical region of each zinc finger. These 

results indicate that, although the nine zinc fingers of TFIIIA interact with a 

region of the internal promoter extending over 50 base pairs, high affinity 

protein-DNA complex formation is established by a few strong contacts 

between amino acids within zinc fingers two and three and DNA base pairs 

within the box C promoter element. It is likely that the N-terminal fingers of 

TFIIIA also make non-specific contacts to the DNA phospho-ribose backbone 

within the box C element which further increase binary complex stability.

Recently, it has become evident that the RNA binding activity of 

TFIIIA is separable from the N-terminal DNA binding activity. The 

interaction of TFIIIA with 5S RNA is mediated primarily through zinc fingers 

four through seven. The present study mapped the location of a truncated 

polypeptide encompassing these zinc fingers of TFIIIA using a ribonuclease 

protection assay. The RNA-binding central fingers of TFIIIA were found to 

contact the central core of the 5S RNA molecule and protect helices II, IV, and 

V as well as loops A and E from ribonuclease attack. These results support a 

model in which the DNA and RNA binding activities of TFIIIA are separable 

within the nucleic acid binding domain. However, all zinc fingers contribute 

to some degree towards the interactions of TFIIIA with 5S RNA and the 5S 

RNA gene.
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