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ABSTRACT

Transcription factor A (TFIIIA) and p43 zinc finger
protein form distinct complexes with 5S ribosomal RNA
in Xenopus oocytes. Additionally, TFIIIA binds the
internal promoter of the 5S RNA gene and supports
assembly of a transcription initiation complex. Both
proteins have nine tandemly repeated zinc fingers with
almost identical linker lengths between corresponding
fingers, yet p43 has no detectable affinity for the 5S RNA
gene. TFIIA zinc fingers 1-3 are connected by highly
conserved linkers, first identified in the Drosophila
protein Krippel, that are found in many DNA binding
zinc finger proteins. To understand the role of these
linkers in RNA and DNA binding we exchanged three
TFHIA linker amino acids with the equivalent amino
acids from p43. The major effect of linker substitution is
a 50-fold reduction in DNA specificity, concomitant with
an 8-fold reduction in affinity. N-Terminal zinc fingers
from either TFIIIA or p43 bind to multiple specific sites
on 5S RNA that are resistant to competition by tRNA or
poly(rA). This mode of RNA binding is unaffected by
linker substitution. These data suggest that zinc finger
linkers significantly facilitate the specificity of DNA
binding.

INTRODUCTION

transcription {2,13). TFIIIA binds both the 5S RNA gene
promoter (internal control region, ICR) and, in developing
oocytes, is complexed with 55 RNA in a 7S RIB.(A related

5S rRNA binding protein, p434), found complexed with 5S
RNA in a 42S RNP1(5), has identical zinc finger length and
similar H/C linker length and appears to bind to the same region
of 5S RNA (16). However, binding assays have failed to detect
p43 binding to the 5S RNA gené)( Furthermore, p43 has no
sequence homology with TFIIIA in the C-terminal domain,
suggesting that it is not a transcription factor for 5S RNA genes.
Since p43 binds exclusively to 5S RNA, comparison of the effects
of mutation in TFIIIA and p43 provides an excellent model
system for investigating the differences in the molecular basis for
RNA and DNA recognition.

Within TFIIIA, different groups of zinc fingers have differential
binding affinities for RNA and DNA1(7-19). The three N-terminal
zinc fingers have the highest DNA affinity of any isolated group of
three fingers from TFIIIAT19-22). These zinc fingers are uniguely
connected by H/C linker sequences similar to a highly conserved
linker sequence, TGEKPY, first identified in tHRrosophila
homeotic genérippel and present in many DNA binding zinc
finger proteins Z3). Conservation of the Kruppel-like H/C linker
sequence suggests that linkers play a role in enabling adjacent zinc
fingers to bind DNA. Mutation of H/C linkers between N-terminal
fingers of TFIIIA has been shown to decrease or abolish DNA
affinity. Mutation of a single glycine to serine or lysine to glutamic
acid between zinc fingers 1 and 2 in full-length TFIIIA results in a
weakened TFIIIA footprint on the 5S RNA ger@4), Similar

Zinc finger proteins perform diverse biological functions ineffects for linker mutagenesis, at most a 3-fold reduction in affinity,
regulation of cell growth and differentiation through DNA—, RNA—have been reported recently in extensive scanning mutagenesis of
and protein—protein interactions. Zinc fingers of the C2H2 clastFIIIA (25). In the context of three N-terminal zinc fingers,
coordinate a single zinc atom through two invariant cysteines in anutations in linkers can cause more severe disruption of DNA
antiparallel B-sheet and two histidines in anrhelix. Molecular  binding. Substitution of threonine with serine in linker 1 decreases
determinants for DNA binding have been identified by biochemicdDNA binding affinity 11-fold by increasing the dissociation rate
experiments and by direct crystallographic observation of zin26). More extensive amino acid changes that substitute both H/C
finger—-DNA complexes1-3). Zinc finger proteins that mediate linkers in TFHIA zinc fingers 1-3 with p43-derived linkers have
binding to RNA have also been identified-{). Recently the zinc  been reported to completely abolish DNA binding activity;48).
finger protein WT-1, implicated in Wilm’s tumor, has been identified The role of H/C linkers in RNA binding is less well understood.
in splicing complexes and is reported to bind RiNAitro (8,9).  The TFIIIA and p43 zinc fingers are generally connected by
The molecular determinants for interaction of individual zinc fingeréinkers of similar length. However, TFIIIA zinc fingers 4—7 show
from these proteins with RNA are not fully understood. the highest discrimination for RNA and these zinc fingers are
The archetypal C2H2 zinc finger protein is tdenopus connected by unusually short H/C linkef®) In full-length
transcription factor TFIIIA 10,11). TFIIA has nine tandemly TFIIIA, all zinc fingers contribute to overall 55 RNA binding
repeated zinc fingers and a C-terminal domain required faffinity (17), with mutations in zinc finger 6 that disrupt finger
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structure having the most profound effedt8,19,29). Deletion = mutation, 5d(GAAGCGACACACCGGCGAGAAGAAACTC),

analysis of p43 showed that N-terminal zinc fingers 1-4 andas used with a reverse primer to the C-terminal end of finger 3,

full-length p43 have comparable affinity for 5S RN, PZC3. The products of these reactions were purified by agarose gel
To understand the contribution of H/C linkers to specific RNAelectrophoresis and used as templates in a third PCR with primers

or DNA binding affinity we have compared the nucleic acidcorresponding to the N-terminus of zinc finger 1 (PZN1) and

binding properties of N-terminal zinc fingers from TFIIIA and C-terminus of zinc finger 3 (PZC3). Final PCR products were

p43 when H/C linkers were exchanged. We find that mutation @ubcloned into the pET-1%anHI site and sequenced.

H/C linkers has the greatest effect on DNA binding specificity

with a smaller effect on affinity. In contrast, 5S RNA binding byPurification of zinc finger proteins

three zinc fingers is independent of a unique linker sequence and

occurs at multiple specific sites on 5S RNA. Xenopus laevisTFIIIA was expressed ifEscherichia colistrain
BL21(DE3) from plasmid pTA102 and purified by ammonium
sulfate precipitation and Biorex70 ion exchange chromatography as

MATERIALS AND METHODS described by Del Rio and Setzet). Three zinc finger polypeptides

Construction of TFIIIA and p43 mutants derived from TFIIIA or p43 were expressed from pET vectors as

) , ) polyhistidine tagged molecules Ehcoli strain BL21(DE3), which
TFIIIA cDNA from plasmid pTA102, kindly provided by harhors an IPTG-inducible T7 RNA polymerase gei. (Cells

Dr David Setzer, was tailed with a double-stranded DNA adapt@fhoring the appropriate plasmid were grown to ang@DFf
oligonucleotide, Sd(AATTCCCGGGCTAGCTGACTAG) and 406 in Rich broth supplemented with 0@ zinc sulfate,

5-d(GATCCTAGTCAGCTAGCCCGGG), and inserted via @40 mM glucose and 2Q@y/ml ampicillin. Protein expression was
BarrH| linker into pGEM5Zf(—) (Promega) to create pRRO. The jyced by additon of 0.5 mM IPTG for 34 h. Cells were
cDNA was then altered by site-directed mutagenesis to 'ntrOdUﬁﬁrvested, lysed with lysozyme (45§ml) and deoxycholate
nucleotides encoding amino acids found at the equivalefi 0505) and disrupted by sonication. Inclusion bodies containing the

position in p43 &0). The mutagenic oligonucleotides used wergysjon protein were precipitated by centrifugation and extracted
5-d(GCAGGCGCATCTGTGCAAACATCAGAACAGAAA-  quamight in 15 ml binding buffer (5 mM imidazole, 500 mM NaCl,

CCATTTCCATG), to change TGE to SEQ in the first H/C Iinker,50 UM ZnSQu, 100pM PMSF, 1 mM benzamidine, 20 mM Tris,
and S-d(CCCGCCACTCACTCACTCATCTGOCTTTAAAA- 11 80) containing 6 M urea. The extract was clarified by
ACTTCACATGTG), to change TGE to LAL in the second H/C cenpifugation and passed over a 1-2 ml nickel-agarose column
linker (nuplgotlde§ tha’g differ from Wlld—t.ype are underlined "?‘”‘{HIS-Bind resin; Novagen) equilibrated with binding buffer
the restriction sites introduced are in bold). These oligosontaining 6 M urea. The column was washed with 10 column vol
nucleotides were used separately or in combination with singlginding buffer containing 6 M urea and proteins eluted with 400 mM
stranded pRRO DNA as a template to introduce linker mutationgnidazole, 200 mM NaCl, 6 M urea, EM ZnSQy, 8 MM Tris, pH
The complementary strand was synthesized with T7 DNA g (elution buffer). Protein-containing fractions were analyzed by
polymerase (US Biochemical3@. Plasmids containing mutated Tyis_ricine gel electrophoresiad) and peak fractions were pooled.
sequence were identified by the presence of eideror Dral  zinc fingers were renatured by step-wise dialysis from elution buffer
restriction sites, introduced by mutagenic oligonucleotides, or ﬂ’t?bntaining 6 M urea to 5 mM Mggl2.5 mM CaGl, 150 mM
absence of Amr site and confirmed by dideoxy sequencing. Thenacl, 50uM ZnSQy, 10 mM DTT, 10% glycerol, 50 mM Tris, pH
full-length wild-type and mutated cDNAs were subcloned into the o prior to digestion. Proteins were digested for 2 h with 1-2 U
expression vector pET-15b (Novagen), which introduces afrombin (Calbiochem)/100y protein at 25C and dialyzed atC
N-terminal polyhistidine tag and thrombin recognition site.  prior to storage in buffer containing 1 mM benzamidine af €80

To express the N-terminal zinc fingers from TFIlIA, @ DNA pyotein concentration was determined by BioRad protein assay.
fragment encoding zinc fingers 1-3 was generated by PGESA was used as the standard and final protein concentrations were
amplification of the full-length TFIIIA cDNA using the T7 primer getermined by multiplying the apparent concentration by 0.62 to
[>"-d(TAATACGACTCACTATAGGG)], 3 of the methionine start correct for dye binding differences between BSA and TFIBA.(

in pET-15b, and & $primer corresponding to the end of zinc finger Amino acid compositions and concentrations of TFIIIA-derived
3 [5-d(GGCGCTAGCTCAGATCTTG-ATGTTATGGAA)]. Frag-  protein fragments were confirmed by amino acid analysis.

ments were inserted into pET-15b using theidd and 3 BanHlI

sites and sequenced. Similarly, DNA encoding the first three zi

fingers from p43 were amplified from the full-length p43 cDMA ( 'BNA and RNA subsirates

by PCR using primers PZN1{8(CGGGATCCCATGAAAAA-  The DNA substrate used was a 668 fragment containing the
CGTTGGT)] and PZC3 [5d(AGTGGATCCTATACGGCCTCC- Xenopus borealisomatic 5S RNA gene internal control region
CCGT)]. The product was digested witantHl, gel purified and (ICR) from bp 39 to 991(7). DNA concentration was determined
subcloned into thBarHI site of pET15b. The H/C linker between as ODgg Gel-purified DNA (2 pg) was end-labeled with
p43 zinc fingers 1 and 2 was introduced into the p43 cDNA usin@-32P]JdCTP using the Klenow fragment of DNA polymerase |
the mutagenic oligonucleotidé-&(GGCTGGGCACACCGGTG- and purified by spin column chromatography over Sephadex G-25
AGAAG-CCGTGG) to generate pHPZ1. The mutation in thgBoehringer Mannheim).

second H/C linker was generated by overlapping PCR. In one PCRXenopus laevisocyte-type 5S RNA was made by vitro

a forward primer corresponding to the N-terminal end of finger Tun-off transcription (T7 Megascript kit; Ambion) from plasmid
PZN1, was used with a reverse primer complementary to the HET 70D, containing a T7 promotet & the RNA coding region
linker mutation, 5d(GAGTTTCTTCTCGCCGGTGTGTCGCT- and aDral site at the 3end. The resultant RNAis 121 ntlong and
TC), with pHPZ1 as template. In a second PCR, also with pHPZias one additional uridine at theehid not found in native 5S
as template, a forward primer corresponding to the H/C linkdRNA. Helix IV/V RNA was similarly generated by run-off
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transcription of plasmid pMC2, encoding 5S RNA nt 64-112between zinc fingers frodxenopud FlIIA, which bind DNA and
linearized withBsiGl. RNA was radiolabeled by inclusion of RNA, with the corresponding amino acids from a related zinc
100uCi [a-32P]CTP (456uM) in a 20pl transcription reaction.  finger protein Xenopu43, which binds exclusively to 5S RNA.
5S RNA was purified by denaturing electrophoresis through 12%6eally, the influence of an individual linker is best studied in a
polyacrylamide, 8 M urea, 40 mM Tris—acetate, pH 7.2. Aftetwo zinc finger fragment that is connected by a single linker.
elution from polyacrylamide gel slices using 40 mM Tris—acetatd{owever, while two N-terminal zinc fingers are sufficient for 5S

1 mM EDTA, pH 7.4, in DEPC-treatedbB, RNA was renatured RNA binding, three are required for DNA binding 7).

by heating to 65C for 15 minin 10 mM MgGJ, followed by slow  Therefore, to determine the effects of linker changes on RNA and
cooling over 30 min to 28C. RNA was equilibrated with DEPC DNA affinity of zinc fingers we substituted amino acids linking
H>O by spin column chromatography on Sephadex G-5@inc fingers in the minimal three finger N-terminal fragment of

(Boehringer Mannheim). TFIIA that binds both DNA and RNA.
Three substitution mutants of TFIIIA zinc fingers 1+81€3
Determination of dissociation constants were made by oligonucleotide-mediated site-directed mutagenesis

of the cDNA. Proteingz1-3.pll tz1-3.pl2and tz1-3.pl1/2have
Apparent equilibrium dissociation constants were determined hifree linker amino acids substituted between zinc fingers 1 and 2,
Scatchard analysis of bound and free nucleic &l A fixed  zinc fingers 2 and 3 and zinc fingers 1, 2 and 3 respectively with
protein concentration (10-200 nM) was incubated with a range efrresponding amino acids from p43. Similarly, H/C linkers
nucleic acid concentrations (1-200 nM DNA, 0.6-20 nM RNA) irbetween the three N-terminal zinc fingers of p43 were substituted
binding buffer (70 mM KCI, 1 mM MgG) 10uM ZnSQq, 0.1%  with the TGE sequence from TFIIIA. Only three amino acids in the
NP-40, 5% glycerol, 10 mM DTT, J@y/ml poly(dl-dC), 2ug/ml  linker were changed, because the other amino acids in the
poly(rA), 20 mM Tris, pH 8.0) in a total volume of iD Free and  KrYppel-like linker are either the same in TFIIA and p43 (KP in
protein-bound DNA or 5S RNA were separated by non-denaturingker 1 or K in linker 2) or else they are predicted to be part of the
gel electrophoresis through 5% polyacrylamide, 1% glycerokinc finger-sheet from the Zif268 crystal structure and not part of
20 mM HEPES, pH 8.3, at°€, with the upper buffer chamber the linker ¢). Amino acid substitutions and protein nomenclature
containing 2 mM DTT. Gels were pre-electrophoresed for 1 h ake described in FiguteA.
23 V/cm and allowed to re-equilibrate tGGt prior to loading. Zinc finger proteins were expresseddrtoli BL21(DE3) cells
Samples were loaded with the gel running at 4.5 V/cm and switch@gth an N-terminal polyhistidine tag and purified to homogeneity by
to 25 V/cm for the duration of the run (45-90 s). Appropriate proteigffinity chromatography over nickel-agarose. The N-terminal fusion
concentration ranges were determined empirically in preliminafyas proteolytically cleaved from the zinc fingers with thrombin
experiments to give a broad range of data points in the Scatchard phitr to use (Fig1B). All proteins contain three vector-derived
of bound/free nucleic acid against amount of nucleic acid boungmino acids at the N-terminus (Gly-Ser-His) after removal of the
The quantity of radiolabeled substrate in free and bound fractiopslyhistidine tag. The mobility of p43 fingers after cleavage with
was determined by laser densitometric scanning of autoradiogratheombin is significantly slower than TFIIIA fingers in this gel
and/or by phosphorimage analysis of dried gels. Appdgerdiues  system $3). However, prior to cleavage all recombinant protein
for each protein were calculated by fitting data to a modified formolecular weights were as predicted from conceptual translation.
of the Scatchard equation

[nucleic acigoynd/[nucleic aciged
= {~(1/Kg) x [nucleic acigound} + {[proteinotal/Kd} Mutation of the conserved H/C linker sequence reduces DNA

affini
by linear regression using Cricket Graph (Computer Associatessf b

software @2,31,36). Standard errors of the mean were determineg o< fo, were obtained from linear regression of Scatchard
by C‘?'T'b'“'”g values_ for IndIVIdU§| experiments with C(_)rrelatlt_) lots, since the determination igf from the slope of the line is

g\)fg%?né Z?ét?"?:;'\g%?mflgg eight or more data points usin dependent of any accurate knowledge of protein concentration
Approximyate ratic;s of aﬁinify constants for the firky) and (35). This is parti_cularly important for these e_xperiments, because
second K») shifted species were derived from the equation we kr_10w the fraction of active protein to be variable betwgen mutant
proteins and between preparations of the same protein. A linear
lolo/(11)2 = Ko/Kq, whenKy >>Kj (37). Scatchard plot assumes equal binding affinity of all sites on a protein

gr ligand. Since this is unlikely in the cases where we detect

lo, 1 andl, are the intensities of radioactive bands representing .. . > ) )
free nucleic acid, nucleic acid bound in the first complex an uliple shifted species, we used high RNA concentrations that

nucleic acid bound in the second complex respectively. The er@toiiﬁ%ema;{(r)i\évgriﬁgtifg gér?;grrgigﬁ)material to estirkior the first
inherent in this equation is (1K/K1)2. The error is small when - : : .
K1/Ksis large (e.g. whely /Ko = 20 the error is 1%), but becomes Wild-type TFIIIA zinc fingers 1-3(z1-3 bind DNA with a

. . : issociation constant @B nM (Fig.2 and Tablel). Substitution of
r;lljliz I:arzgtehre\’\g}?gr tf%gﬁ}ﬂ)o of affinity constants is small (Whegmino acids TGE (Thr-Gly-Glu) in the conserved Kriippel-like H/C

linker, TGEKPF between zinc fingers 1 and 2, with amino acids
SEQ (Ser-Glu-GIn) from p43z1-3.pl), reduced DNA affinity
RESULTS 5-fold. A similar reduction in affinity (3-fold) was observed when
the second H/C link, TGE, was substituted with L&41¢3.pl3.

The DNA binding affinity oftz1-3.pl1/2 in which both linkers

To compare the influence of linker amino acids on RNA and DNAvere substituted, was reduced 8-fddg € 24+ 4 nM) compared
affinities of zinc fingers we substituted linker amino acidswith the native TFIIIA fragmentt£1-3.

Construction of H/C linker mutants
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Substitution of the linker sequences caused a striking reductionfiagments is formation of multiple shifted species in an RNA
DNA binding specificity that is readily apparent from proteinmobility shift assay, suggesting that RNA binding by these zinc
binding isotherms (Fig3). The DNA retardation assay using afingers is inherently less specific than DNA binding (Rg.We
wild-type TFIIA fragment z1-3 generated a single discrete bandmeasured dissociation constants at low protein excess (10—40%
representing the binary DNA—protein complex when as much aifted substrate) to give an approximate affinity for the first 5S
90% of the RNA was bound (Fi§A). In contrast, the TFIIIA  RNA binding site. 5S RNA affinity of wild-type TFIIIA and the
mutants with either one or both H/C linker substitutions generatedree linker substitution mutants was comparable PRignd Table
multiple bands when 50% of the RNA was bound, suggestive @), demonstrating that the p43 linker amino acids support RNA
protein binding to multiple sites on the DNA fragment (BB). To  binding in the context of TFIIIA zinc fingers. Rates for association
determine the relative affinity of the multiple species formed wittand dissociation of the TFIIIA fragments from 5S RNA, like DNA,
the double linker mutant, complexes were titrated with a non-spevere also faster than we could measure by gel retardation (data not
cific competitor DNA, poly(dl-dC) (Fig4). The difference in  shown).
affinity of the higher order complexes is readily apparent from their Native p43 zinc fingers 1-$£1-3 bind 5S RNA with a 2- to
titration at low, 10-fold, excess of non-specific competitor. The3-fold higher affinity than the corresponding TFIIIA zinc fingers.
binary tz1-3-DNA complex is reduced by 50% with a 2000-fold Substitution of the p43 H/C linkers between fingers 1, 2 and 3
base pair excess of poly(dl-dC), whereas the binary complex formeith TGE to generate Krippel-like H/C linkers did not confer
with the double linker substitution mutant is eliminated with @NA binding to the resulting p43/TFIIIA hybrigh¢1-3.t11/2 nor
500-fold base pair excess. The affinity of the binary complex iwas the affinity for 5S RNA decreased (Fgnd3 and Tablel).
estimated to be 200-fold greater than the ternary complex for the
wild-type zinc fingers, but only 4-fold for the mutant in which both A
HI/C linkers had been changed to p43 sequences abig

Mutation of the H/C linker does not affect RNA binding

The three N-terminal zinc fingers from TFIIIA have a comparable
affinity (within 5-fold) for both 5S RNA and the ICR DNA fragment
under our assay conditions, in contrast to an earlier report of a
20-fold difference 19), but in agreement with Setzgral (39). One
striking feature of RNA binding for all TFIIIA three zinc finger 0

Bound/Free

T L T T
0 20 40 60 80 100 120

tz1-3 — 1 Fraekerp{ 2 FTGEKNFKL 3 - B Bound ICR (M)

tz1-3.p11  —{ 1 HIEOKPFP{ 2 }TGEKNFK{_ 3 |-
tz1-3.pl2 —{ 1 }rGexPFP{ 2 HWIWNnFK{ 3 |-
tzi1-3.pi/2 —{ 1 HEEKprP{_ 2 HEXKNFK] 3 |-

pz1-8 —C 3 -SEQKPWKC 2 D-LALKKLS 3 >—

Bound/Free
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B

!
I
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Figure 1. TFIIIA and p43 wild-type and mutant three zinc finger proteins.

(A) Schematic drawing of the proteins used in this study. The first three zinc Bound 58 RNA (nM)
fingers of TFIIIA (rectangles) or p43 (ovals) were used to construct proteins
containing either wild-type or mutant H/C links. Protein nomenclaturois Figure 2. Representative Scatchard plots for DNA and RNA affinity of H/C

pz to denote TFIIIA or p43 zinc fingers respectively. The linker origin is linker mutants. Gel mobility shift assays were done using constant protein
denoted byl for the TFIIIA linker orpl for the p43 linker and the position of ~ concentrations and varying the concentration of a 5S RNA gene ICR fragment
the linker substitution is denoted by the number which folloBsPrified, (0.6-200 nM) A) or oocyte-type 5S RNA (0.6-20 nMpB (and C).
recombinant proteind .5 pug) were electrophoresed on a 15% Tris—tricine Representative examples are shown of Scatchard plots used to derive
polyacrylamide gel in the presence of SDS and visualized by Coomassie bluesquilibrium binding constants presented in Table 1. For the analyses shown
staining. Lane 1, TFIIIA; lane 221-3 lane 3tz1-3.pl1 lane 4tz1-3.pl2lane protein concentrations used were: in (A) 20 M-3 (l) and 200 nM
5,1z1-3.pl1/2 lane 6,pz1-3 lane 7,pz1-3.t11/2 Molecular weight markers tz1-3.pl/Z0); (B) 20 nMtz1-3(H) and 20 nMz1-3.pl1/2(0); (C) 30 nM

(kDa) are shown on the right side. pz1-3(a) and 15 nMpz1-3.t11/2(1).
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Table 1. Apparent dissociation constants for H/C linker substitution mutants

Protein 5S RNA Helix IV/V RNA ICR DNA

Kgx SEM (nM} n2 Kg+ SEM (nM) n Kg+ SEM (nM) n
ITEIIA 0.4+£0.1 2 0.9+0.1 3
tz1-3 6+1 4 6+1 5 3+0.1 4
tz1-3.pl1 71 4 15+ 3 4
tz1-3.pl2 7+1 5 9+1 3
tz1-3.pl1/2 9+2 5 15+ 2 4 24+ 4 4
pz1-3 2+0.2 3 5+1 4
pz1-3.111/2 2+0.1 2 4+1 4

aStandard error of the meanméxperiments.

Multiple RNA—protein complexes were formed by both wild-typefinger proteins. Although a reduction in DNA binding affinity is
and mutant fragments of TFIIIA and p43 (RY. To determine the observed, qualitatively similar to previous reports, the major
specificity of binding we titrated complexes formed between 5%ffect of linker mutation is a reduction in binding site specificity.
RNA and subsaturating amounts of wild-type and double linkeRNA binding by the same N-terminal zinc fingers occurs at
mutants with non-specific and specific RNA substrates @jig. multiple specific sites. The affinity for these sites is unchanged by
Unlabeled RNA that contained the predicted protein binding siténker mutation.

..e.5S RNA and a helix IV/V.RNA fragment from 5S RNA,  Crystallographic and NMR studies of DNA—zinc finger protein
competed with radiolabeled 5S RNA for protein binding. Nontomplexes show that linkers are an extended and mobile
specific RNA, i.e. tRNA or poly(rA), were unable to compete forconnection between adjacent zinc fingexg@41). It has been
binding at the same base pair concentration. These results suggggigested that since no direct contacts with the DNA are made by
that the mulltiple shifted species are sequence- or structure-spegfig |inker, the relative orientation of zinc fingers is determined by
complexes. We estimate the affinity of the binary cor_nplex to be onfyN A contacts made with theehelix (40). However, a potentially

2- to 3-fold greater than the ternary complex for wild-type TF A cial role for linkers may exist in the light of the strong
fingers (z1-3 or the double linker substltutlon mutameB.pl;{ 2 evolutionary conservation of H/C linkers in zinc fingers that bind
(Table2). There appears to be no difference in RNA specificity Of\ o “N-Terminal TFIIIA fingers have a rod-like structure with
affinity between wild-type and linker substitution mutants. A 58,004 jinkers when free in solutigi2), If TEIIIA binds DNA

RNA gene fragment containing the TFIIIA binding site compete long the major groove, bending arbund the DNA axis, the

for tz1-3binding better than 5S RINA, but competed poorly for th'?1ecessary change in relative finger orientation may be permitted

double substitution mutariz1-3.pl1/2 as predicted by ouKy onlv by particular linker amino acids. The linker alveine residue
determinations (FigbA and B). The same DNA fragment did not hag bt}elepn slh(l)an '10 make Ian imlpo.rtant clontrib%’go:w to TII:IHA
compete for binding to p43-derived zinc fingers (Bi.and D). 1\/' i i affinity, perhaps by providing sufficient flexibility
to wrap in the DNA major groove, regardless of its position within
DISCUSSION the linker @4). TFIIIA zinc fingers 1-3, which provide much of
Our findings demonstrate a difference in the contribution of H/@e DNA binding affinity, are the only zinc fingers connected with
linkers to RNA and DNA binding affinity by two related zinc a Kriippel-like linker. If N-terminal p43 zinc fingers interact with

A tz1-3 Cc tz1-3 E pz1-3

0 1 2 4 8 1216 20 30 40 50 &0 80100120 01 2 4 8 1216 20 30 40 SO &0 80 100120 0 2 4 B 12 16 20 40 60 80 1C:I120”018El

e e ol b b b : L] !Wi'!u e

et e e e - d W
B tz1-3.pl1/2 D tz1-3.pl1/2 F pz1-3.411/2

] 25 100 200 300 400 500 600 0 2 4 B 12 16 20 40 60 20 100 _ 140 0 2 4 8 12 16 20 40 60 BO 100 _ 140

125 50 150 250 aso 450 550 120 180 120 180
- onibdbibibibil
""‘u“”nﬁhﬁﬁ‘ﬂ e | ) H
2Tt e e et e i Hmmwut‘ibhga
p--...._‘_ ; - s
58 RNA Gene (ICR) QOocyte 55 RNA Oocyte 55 RNA

Figure 3. DNA and RNA binding by zinc finger H/C linker mutants. The indicated concentration of protein (nM) was incubated wittetedioigdrnal control
region DNA (9 nM) A andB) or radiolabeled oocyte-type 5S RNA (7.5 ni@)y-F) and electrophoresed through a non-denaturing polyacrylamide gel.



Single linker changes decrease DNA affinity by at most 3-fold in

A tzi-3.pii/2 FP full-length TFIIIA, with no detectable change in RNA affinity.

Table 2.Estimated ratio of association constants for the first and second
protein binding sites

ry
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Protein K1/Ko2

tz1-3

- ‘-hﬂ&h‘ 5S RNA ICR DNA
. vy tz1-3 1.8 2032

=

— H"" “ tz1-3.pl1 23 213

L

tz1-3.pl2 2.2 19.2
tz1-3.pl1/2 2.4 4.0
2 10 50 100 500 1000 2 10 50 100 500 1000 1000
Poly d(IC) Competitor (ug/ml)

pz1-3 2.8
pz1-3.111/2 2.4

2 andK are the apparent association constants for formation of the binary and
ternary complexes respectively. The ratio was derived from gel mobility shifts
0.8 as described in Materials and Methods.

0,81 H/C linkers appear to facilitate specific DNA binding. When p43
linker amino acids are substituted into a three zinc finger fragment
from TFIIIA multiple DNA complexes are detected at protein to
i DNA ratios that generate a single DNA complex for native zinc
fingers. This observation suggests that zinc fingers have an inherent
non-specific DNA binding activity that is revealed when specific
protein-DNA contacts cannot be made. Kaefor the double
substitution mutant (24 nM) is close to Kgfor non-specific DNA
. . )3 o R R binding by TFIIIA (30 nM;43), suggesting that specific DNA
' binding affinity is close to a minimum. Wild-type TFIIA zinc

fingers also bind to multiple DNA sites at high protein

i ) ) o concentrations. However, competition with poly(dl-dC) shows that
Figure 4. Mutation of the H/C linkers reduces DNA specifici#y) Wild-type

TFIIA zinc fingers (z1-3 200 nM) or a substitution mutant with both linkers wild-type zinc fingers have a 60-fold greater resistance to non-

changed t¢1-3.pl1/2 200 nM) were incubated with a radiolabeled 55 gene SPeCific competitor DNA when compared with the double
fragment (5 nM) in the presence of increasing concentrations of theSubstitution mutant at the titration midpoint. Comparison of relative

non-specific DNA competitor poly(di-dC). Protein-bound DNA was separated affinities for binary and ternary DNA complexes shows that
from free by non-denaturing gel electrophoresis. Closed arrows indicate th‘?/vild-type fingers form a DNA binary complex with 50-fold greater
?ﬁg’ﬂ:é’;ﬂcggingﬂ? and égﬁtgﬁ]‘?ggag?g{;g fggsprf?gfnp:sg'osnépifafg nOtec’f’!scrimination than the double linker substitution mutant. These two
experiments were quantified by phosphorimage analydis3[100 nM (1) different methods reveal a substantial change in specificity as a
and 200 nM )] andtz1-3.pl1/2100 nM @) and 200 nM &)]. The fraction consequence of the linker substitutions. Reduced DNA affieity
of DNA in all bound species is plotted against the fold base pair excess oke does not result in multiple shifted DNA species, since mutation
poly(dl-dC) competitor over 5S DNA fragment. of four a-helical amino acids in zinc finger 3 essentially abolishes
DNA binding, yet the residual band shift is a single spegiés (
Xenopuszinc finger proteins p43 and TFIIIA both have nine
helical regions of 5S RNA they may not require the same degréndemly repeated zinc fingers and bind the same target RNA, yet
of linker flexibility, since the Kriippel-like linker is absent. they show only 15% identity at amino acid positions not directly
Substitution of amino acids in both H/C linkers betweerinvolved in forming the zinc finger motif4). Despite these
TFIHIA zinc fingers 1-3 with linker amino acids that connectdifferences in amino acid composition, the basic skeleton of the
equivalent fingers in p43 reduces DNA affinity 8- to 10-fold. Thisproteins is almost identical. For example, changes in linker length
decrease in DNA binding affinity is substantially lower thanbetween equivalent zinc fingers are highly conserved, suggesting
previously reported by Choo and KIugj’f, who were unable to that the sequence or length of all H/C linkers may be important for
detect DNA binding by a similar hybrid protein. The differencebS RNA recognition. However, RNA binding affinity of zinc fingers
may arise from our use of recombinant protein comparedrwith 1-3 is unaffected by the linker substitutions in either protein.
vitro translated proteins assayed in translation extracts, whi@stimated changes iy for the first 5S RNA complex are at most
contain endogenous competitor 5S RNA. Similarly, Clene¢ns 1.4-fold between wild-typéz1-3or pz1-3and the corresponding
al. (26) reported formation of aggregates with a mutant similar tdouble linker substitution mutantz1-3.pl1/2andpz1-3.t11/2 In
tz1-3pl1l We have not observed aggregation and instead resoladdition, p43 N-terminal zinc fingers have a 3-fold greater affinity
specific complexes and estimat&fof 15 nM. The absence of for 5S RNA than equivalent TFIIIA zinc fingers. Since the affinity
changes in RNA affinity provides an internal control for theof full-length p43 is similar to TFIIIA44), the distribution of RNA
integrity and activity of our recombinant proteins. Exchange adbinding affinity over individual zinc fingers of p43 may be different
amino acids between full-length TFIIIA and p43 to change singltom TFIIIA, which makes RNA contacts primarily through zinc
H/C linker sequences has recently been done by &aalg25).  fingers 4—7 {9,29).

Fraction DNA bound

0.2

Fold Excess Poly d{IC) Competitor
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Figure 5. Specificity of RNA binding by H/C linker mutants. TFIIIA zinc
fingers 1-3 (12 nM) or p43 zinc fingers 1-3 and linker-substituted proteins
(10 nM) were incubated with radiolabeled 5S RNA (1 nM) in the presence of14
unlabeled competitor nucleic acid. The fraction of protein-bound 5S RNA was15
determined by non-denaturing gel electrophoresis. The plots shown are the
average of at least three experiments normalized to 1.0 for the fraction of 5
RNA bound in the absence of competitor. This represéii@eh bound RNA.
Competitors are 5S RNAN); 5S RNA helix IV/V (0); yeast tRNA ¢),
poly(rA) (A); ICR DNA (O).

18
19

20
In contrast to the marked reduction in DNA specificity, linker21

substitution does not change the pattern of multiple RNA complexes

formed withtz1—-3or pz1-3 Competition binding assays show these
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