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ABSTRACT: A class of RNA aptamers that demonstrates a high affinity for a large variety of C,H, zinc finger
proteins was isolated from a library of random RNA sequences by the zinc finger protein TFIIIA. These
aptamers have one or more copies of the consensus sequence GGGUGGG, which is part of a putative hairpin
loop in the proposed structure of the most abundant aptamer, RNA1. Binding of zinc finger proteins to
RNAT1 relies upon zinc-dependent folding of the protein, the affinity of an individual protein for RNAT being
determined by the number of tandem zinc finger motifs. The properties of RNAT were compared to the
properties of two other aptamers from the same selection experiment: RNA21, which binds to some but not all
zinc finger proteins tested, and RNA22, which binds only to the 5S rRNA binding zinc finger proteins TFIIIA
and p43. The binding of three different zinc finger proteins to RNA1 was compared, and the results indicate
that the RNA1—protein interaction occurs by several distinct mechanisms. Mutagenesis of RNAT confirmed
that the GGGUGGG consensus sequence presented in a hairpin conformation is required for high-affinity

binding of zinc finger proteins.

Zinc finger proteins carry out diverse functions in the cell,
generally involving specific interactions with DNA, RNA, or
protein ligands (/, 2). The presence of a tandem array of C,H,
zinc fingers within a previously uncharacterized coding sequence
or protein is generally considered to be indicative that the protein
will bind to a specific sequence of DNA and in some way act to
regulate transcription of genes. Some members of this class of
zinc finger proteins are multifunctional, which requires that the
zinc finger domains in these proteins interact with more than one
class of ligand. For example, transcription factor IITA (TFIIIA)
binds to the promoter of the 5S rRNA gene (3—6) and also binds
to 5S rRNA to form a storage ribonucleoprotein particle in the
cytoplasm of immature oocytes (7—10). The DNA and RNA
ligands for TFIIIA have quite distinct conformations, and the
protein utilizes the first three of its nine zinc fingers to mediate
binding to DNA and the central zinc fingers to mediate binding
to RNA (/1—22). WT1, a protein with a smaller zinc finger domain,
accommodates interactions with DNA and RNA by using an
overlapping array of key amino acids (23, 24). The neuronal-
specific transcription factor REST uses eight tandem zinc fingers
to bind to the same sequence of base pairs in the promoters of
target genes, and in a short double-stranded RNA that modulates
its regulatory activity (25). The Xenopus protein Zfa is a member
of a class of proteins that bind to double-stranded RNA with
C,H> zinc fingers (26, 27) that are spaced farther apart with much
longer linkers than those found in proteins like TFIIIA. The
overall fold of the RNA binding domain of this class of proteins is
different from that of the proteins with closely spaced zinc fingers
(28), suggesting it has been optimized for binding to double-
stranded RNA rather than the typical C,H, zinc finger protein
that binds to DNA and/or a folded single-stranded RNA.

The conformational parameters of the DNA double helix and
the RNA double helix differ significantly in areas particularly
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important for protein binding (29). Of primary importance are
the dimensions of the major groove: in the typical B-type DNA
double helix, the major groove is optimal for the docking of an
o-helix from a protein in such a way to allow for the formation
of noncovalent bonds between side chains on the amino acids
and functional groups on the base pairs that allow for readout
of the base sequence. In comparison, the major groove in the
typical A-type RNA double helix is too narrow and deep to
allow for a meaningful interaction between amino acid resi-
dues on an o-helix and the sequence-discriminating functional
groups on the bases of the RNA. Single-stranded RNA mole-
cules that adopt three-dimensional shapes may form more
open structures in regions consisting of noncanonical base
pairing, allowing for the formation of direct contacts between
the a-helix of a zinc finger and the RNA bases (30). In addi-
tion, tipping of the amino-terminal region of a zinc finger
o-helix is a strategy that allows for the formation of specific
contacts with RNA bases.

Given these differences in the conformations of DNA and
RNA, it is remarkable that at least some zinc finger proteins are
able to form specific interactions with both classes of nucleic
acids. After enriching a library of random RNA sequences for
aptamers that form high-affinity complexes with TFIIIA, we
determined that the two most abundant aptamers demonstrated
high affinity for zinc finger proteins in general (31). One of these
aptamers (RNAT1) bound to all zinc finger proteins that we tested
with affinities in the subnanomolar range. To understand the
properties of this aptamer in more detail, we have undertaken a
study that compares the binding of this broad-specificity aptamer
to TFIITA with the binding of a highly specific aptamer (RNA22)
to the same protein. We have also compared the interaction of
several different zinc finger proteins with RNA1 to understand
the common and divergent features of their interactions with this
aptamer. Finally, we used site-directed mutagenesis to identify
key sequence and structural elements in RNAI involved in the
formation of high-affinity interactions with a broad range of zinc
finger proteins.

©2010 American Chemical Society
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MATERIALS AND METHODS

Bacterial Strains and Plasmid Vectors. Plasmid vectors
pET16b and pET30a were used to express recombinant wild-
type and mutant zinc finger proteins in Escherichia coli strain
BL21 DE3 using methods that have been described else-
where (32—34).

Construction of Zinc Finger Protein Expression Vectors.
Construction of plasmid vectors used to express Xenopus TFIIIA
and the zinc finger peptides YY1 and ZFY6 has been described
previously (31).

Expression and Purification of Recombinant Zinc Finger
Proteins. Preparations of N-terminally His-tagged zinc finger
proteins were conducted as described previously (32). Recombi-
nant Xenopus TFIIIA was purified by ion exchange chromato-
graphy on BioRex-70 (33). Protein purity was confirmed by
polyacrylamide gel electrophoresis, and the concentration of
each protein preparation was determined by the method of
Bradford (35).

Radiolabeling of RNA Ligands. Preparation of radio-
labeled 5S rRNA and selected RNA aptamers by in vitro trans-
cription was conducted as described previously (36).

Equilibrium Binding of RNAs to Zinc Finger Proteins.
The apparent association constants for the binding of radiola-
beled RNAs to zinc finger proteins were determined using a
double-filter binding assay (37). The binding buffer consisted of
20 mM Tris-HCI (pH 7.5, 20 °C), S mM MgCl,, 100 mM KCl,
10 uM ZnCly, 0.5 mM tris(2-carboxyethyl)phosphine hydro-
chloride, 100 ug/mL BSA, and 1 ug/mL polyA. When the
effects of altering binding conditions such as temperature, pH,
divalent salt concentration, or monovalent salt concentration
were being investigated, the binding buffer was altered accord-
ingly.

The affinity of each zinc finger protein for RNA was deter-
mined using three or more independent assays. Apparent dis-
sociation constants (Ky) for the binding of the mutant and wild-
type proteins to RNA were calculated by fitting the data to a
simple bimolecular equilibrium model using the general curve
fitting function of Kaleidagraph (Synergy Software, Reading,
PA) and the following equation:

[RNA—protein]  [protein]

_ . total ( 1 )
[RNAJ 1 [protein],, + K4

where [RNAJo1 < Ky and [RNA—protein]/[RNA]oar 18
reported as the fraction of RNA bound. Values of the
association constant (K,) were derived as the reciprocal of
the measured Ky values and are reported as the mean of three
independent determinations with the associated standard
deviations. We determined relative affinities by dividing the
apparent K, for the mutant RNA by the apparent K, for the
wild-type RNA determined in parallel. The errors for rela-
tive affinities are given by the expression ¢ = [(o}/M;)* +
((72/M2)2]”2 X M,/M;, where M, and M, are the association
constants for the wild-type and mutant proteins, respectively, and
the o values are the corresponding standard deviations for these
determinations.

Analysis of the Thermodynamic Parameters of RN A
Binding by Zinc Finger Proteins. The contribution of
enthalpy (AH®) and entropy (AS°) to the free energy of RNA
binding by zinc finger proteins was determined from the tem-
perature dependence of the apparent K, using van’t Hoff plots
of In(K,) versus 1/T. In those cases where enthalpy was indepen-
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dent of temperature, the plot was linear and was analyzed using
eq2:

In(K,) = —(AH°/RT) + AS°/R 2)

For the interaction of TFIIIA with RNA21 and RNA22, the
plots were significantly nonlinear and were analyzed using
eq 3 (38), where the change in molar heat capacity is represented
by AC°, ops. T and T are the temperatures at which enthalpy
and entropy, respectively, make no contribution to the free
energy of formation of the TFIIIA—RNA complex (38).

In(Ky) = (AC%, o0/ R)[ Tt/ T~ In(Ts/T) 1] (3)

The data in the van’t Hoff plots were fit to eq 3 using the
general curve fitting function of Kaleidagraph version 3.0 to solve
for AC®, obs, Tri, and T's, and these parameters were then used to
calculate the contributions of enthalpy and entropy to the free
energy of formation of the protein—RNA complex as a function
of temperature using eqs 4 and 5 (38).

AH® = AC®, ous(T — Th) (4)

TAS® = T x AC®, s X In(T/Ts) (5)

RESULTS

Basic Requirements of Zinc Finger Binding to RNAI.
RNAI1 (Figure 1A) was the most abundant aptamer selected
from a random library of RNA molecules using the bait protein
TFIIA (37) and contains the GGGUGGG consensus motif
found in two-thirds of the aptamers in the enriched library.
RNA1 shows virtually no specificity for a particular zinc finger
protein: all of the zinc finger proteins tested exhibited high
affinity for RNA1. To investigate the properties of this aptamer
further, we started by determining whether the high affinity
RNAI has for a broad range of zinc finger proteins relies upon
the proper folding of the zinc finger domain. As the results in
Figure 1B show, TFIIIA, the YY1 zinc finger domain peptide,
and the ZFY 6 peptide consisting of zinc fingers 6—13 of the ZFY
protein all bind to RNA1 with high affinity when zinc is included
in the buffer used to refold the purified proteins. When the zinc in
the buffer is replaced with EDTA, which prevents the coordina-
tion of zinc to the cysteine and histidine side chains of the zinc
finger motif, the proteins are no longer capable of binding to
RNAL.

The initial observation that RNA1 is unselective in binding to
zinc finger proteins indicated that there might be a relationship
between the length of a zinc finger protein and its affinity for
RNAI. The affinities of a series of zinc finger peptides of differing
length, derived from a variety of proteins, were determined. As
the number of zinc fingers in the proteins tested increased, there
was a linear increase in the logarithm of the apparent K, of
binding to RNA1 (Figure 2). For zinc finger proteins consisting
of three to nine zinc fingers, the increase in the free energy of
binding (AAG®) 15 0.282 £ 0.032 kcal/mol for each additional zinc
finger. This result confirms that the structure and sequence of
RNAT allow for the formation of one or more contacts to each
zinc finger of the protein that binds.

Comparison of the Equilibrium Binding of TFIIIA to
RNAI, RNA2I, and RNA22. To understand how RNAI
might act as a broad-spectrum ligand for zinc finger proteins, we
compared the effects of different binding conditions on the inter-
action of the three most abundant RNA aptamers (RNA1, RNA2I,
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FiGuRE 1: (A) Secondary structure of RNAT1 predicted by mfold at 20 °C using version 2.3 parameters (52, 53). Nucleotides selected from the
random 50mer region are shown in uppercase, and fixed priming sequences are shown in lowercase. The consensus GGGUGGG sequence is
shown in bold. (B) Equilibrium binding of three zinc finger proteins to RNAT in the presence and absence of zinc.
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FIGURE 2: Relationship between the apparent association constant
for binding to RNA1 and the number of tandem zinc finger motifs in
the protein partner. The data points for three, five, and seven zinc
fingers are the means of three independent determinations of K, for a
single peptide in each case derived from the ZFY protein, with the
error bars representing the standard deviation of the mean. The data
points for four, eight, and nine zinc fingers are the mean K, values
determined in triplicate for five, three, and two different zinc finger
proteins, respectively, with the error bars representing the standard
deviation of the mean.

and RNA?22) with the original bait protein TFIIIA. These apta-
mers have high affinities for TFIIIA but differ in the degree of
specificity they have for this protein compared to any other zinc
finger protein (3/).

The response of the apparent association constant to increases
in monovalent salt concentration in the assay buffer is a measure
of the relative contribution of ionic interactions to the overall
free energy of binding. In the case of a DNA—protein interaction,
the data obtained can be used to calculate this contribution to
free energy, and the number of ionic contacts formed between the
protein and the DNA (39—41). Such a detailed analysis of an
RNA—protein interaction is not feasible, because it requires too
many untested assumptions. However, the data for RNA—protein

interactions can be compared on a qualitative basis. When the
binding of the three RNA aptamers to TFIIIA is measured as a
function of monovalent salt concentration, it is apparent that the
less selective aptamers RNA1 and RNA2I are less sensitive to
changes in salt concentration than is the highly specific aptamer
RNA22 (Figure 3A). One can reasonably conclude that ionic
interactions contribute more to the free energy of the TFIIIA—
RNA22 interaction than they do to the interaction of TFIITA
with either RNA1 or RNA2I.

Magnesium ions participate in the folding of RNA structures
through diffuse interactions with the phosphate backbone, and
site-specific interactions important for tertiary folding (42). Site-
specific interactions of magnesium with an RNA can be impor-
tant for the formation of a high-affinity, high-specificity complex
with a protein (43). Diffuse interactions of magnesium with the
phosphate backbone may facilitate interactions with a protein
or compete with a protein for the formation of ionic interac-
tions (44). A comparison of the effects of increasing Mg”>" ion
concentration on the binding of TFIIIA to RNA1, RNA21, and
RNA22 showed no significant differences among the three RNA
aptamers (Figure 3B). The three interactions all show a modest
decrease as the divalent metal ion concentration increases from
1 to 20 mM, consistent with a competition between the proteins
and magnesium for binding to the phosphate backbone of the
aptamers.

To determine the involvement of titratable groups in the
interactions of the three RNA aptamers with TFIIIA, the effect
on binding affinity of varying buffer pH within the range of
6.0—9.0 was determined (Figure 3C). The interaction of RNAI
with TFIIIA has a fairly flat pH profile from 6.5 to 9.0, with the
affinity increasing at pH 6.0, suggesting that the pH optimum for
this interaction may lie below this pH. In comparison, the
interaction of RNA21 with TFIIIA has a broad pH optimum
between 6.0 and 7.5 with affinity decreasing at pH >7.5. RNA22
exhibits a profile similar to that of RNA21 between pH 6.5 and
9.0 but also exhibits a distinct decrease in TFIITA affinity at pH
6.0. Since the three RNA aptamers each display different pH
profiles for the binding of TFIIIA, it would be tempting to
conclude that the important titratable groups are found on each
RNA. However, it is equally feasible that different titratable
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FIGURE 3: (A) Effect of monovalent salt concentration on the affinity of TFIIIA for RNAT, RNA21, and RNA22. (B) Effect of divalent salt
concentration on the affinity of TFIIIA for RNA1, RNA21, and RNA22. (C) Effect of pH on the affinity of TFIIIA for RNA1, RNA21, and
RNA22. (D) Effect of assay temperature on the affinity of TFIIIA for RNA1, RNA21, and RNA22. The data points represent the mean of two
independent determinations of K, with the error bars representing the standard deviation of the mean.

groups on TFIIIA are involved in the interaction of the protein
with each of the RNAs.

The relative contributions of enthalpy and entropy to the free
energy of binding provide another insight into differences in the
mechanisms of RNA—protein interactions. A comparison of the
temperature dependence of the binding affinities for the inter-
action of TFIIIA with the three aptamers is shown in Figure 3D.
The interaction of RNA1 with TFIIIA is best described by a
linear relationship between log K, and temperature (eq 2),
whereas the interactions of RNA21 and RNA22 with TFIITA
are distinctly nonlinear, indicating that the enthalpy of the inter-
action is temperature-dependent (eq 3). This characteristic could
indicate that RNA21 and RNA22 have a folded structure with
inward-facing hydrophobic faces that fold away upon protein
binding. Such an unfolding could also result in the presence of
fewer condensed cations in the complex, which would be suppor-
ted by the slight differences observed in the sensitivities of the
three TFIIIA—aptamer interactions to the concentrations of mono-
valent and divalent salts in the binding buffer. The thermo-
dynamic parameters derived from fitting the data to the appro-
priate equations are listed in Table 1. It is clear that at the
standard assay temperature of 20 °C, the interaction of TFIIIA
with RNA1 is driven entirely by a favorable entropy, while the
interactions of the protein with RNA21 and RNA22 are driven
entirely by favorable enthalpy terms.

Previous studies of the interactions of TFIIIA with 5S rRNA
and RNA?22 identified key amino acids through the analysis of

the effects of site-directed mutations in the protein on RNA
binding affinities (37, 45, 46). The affinities of these same mutant
TFIIIA proteins for RNA1 were measured to compare the effects
of the mutations on RNAI binding with those previously
measured for RNA22 binding. The series of Xw mutants of
TFIIIA are chimeric proteins in which specific regions of TFIITA
are replaced with sequences derived from unrelated zinc finger
protein WT1 (Figure 4) (45). The data in Figure 4 indicate that
binding of TFIIIA to the highly specific RNA22 aptamer relies
upon amino acids in zinc fingers 4 and 6, whereas binding of
TFIIIA to the RNAT aptamer that has a high affinity for a broad
spectrum of zinc finger proteins is not significantly affected by
mutations that substitute all or parts of zinc fingers 4—7 with
heterologous finger sequences derived from WT1. The mutations
in most cases slightly increased the affinity of the resulting
chimeric TFIIIA protein for RNAT1, with complete replacement
of the a-helix of finger 6 resulting in a small 2.5-fold decrease in
affinity (Figure 4). These data clearly illustrate the nonspecific,
high affinity that RNA1 has for zinc finger proteins, regardless of
whether they are natural, wild-type proteins or chimeras of two
unrelated proteins.

Comparison of the Equilibrium Binding of Unrelated
Zinc Finger Proteins to RNAI. To understand further how
RNAT might act as a broad-spectrum ligand for zinc finger
proteins, we compared the effects of different binding conditions
on the interaction of three different zinc finger proteins with
RNAI. The TFIIIA, ZFY6, and YY1 proteins chosen for this
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Table 1: Thermodynamic Constants for the Interaction of RNA Aptamers with Zinc Finger Proteins

AC®, ops” (kcal/mol) Ty (K)

Ts" (K)

AH°(20 °C) (kcal/mol) AS°(20 °C) (cal deg™" mol™")

Interaction of TFIIIA with Three RNA Aptamers

RNAI - - - 1.8+3.1° 49.1+£10.5°

RNA21 -1.9+0.2 282.7+1.0 288.440.5 —19.6 £2.0° -29.8+ 3.6

RNA22 -3.440.7 285.5+1.8 288.8 £1.3 —25.4 +6.8° —48.6+ 15.07
Interaction of RNAI with Three Zinc Finger Proteins

TFIIIA - - - 1.8+3.1° 49.1 £10.5°

YY1 - - - —10.04£2.0° 42+ 7.0

ZFY6 - - - —7.1+2.8" 16.6+ 9.6"

“Values were calculated from nonlinear regression analysis of the data in Figures 3 and 5 using eq 3 and are reported + the standard error of
regression. *Values were calculated from nonlinear regression analysis of the data in Figures 3 and 5 using eq 2. “Values were calculated using eq 4 and
incorporating errors from AC®, s and Tyy. Values were calculated using eq 5 and incorporating errors from AC®, s and Ts.

A Relative Ka
TRMALT T2 T3 [4 TS5 76 [7 T8 T9 ] RNA1 RNA22
Xw4-7 DEZEEENEZN ° 1 ° | 1652061 0.06+0.01
XwaB [T T2 T35 T WS T06 [T 7 18 19 1 132:001 0.03:0.01
xwsB[(T_ 12 T3 T 47 W6 17 18 19 ]192:002 1.18:0.18
xweB [T T2 T3 T 4T 5T W7 T8 19 10411010 0.42+0.16

B
TFAL T T2 T3 T4 17576 T 718 1911

Relative Ka
PCKKDDSCSFVGKTWTLYLKHVAECHQDLAV RNA1 RNA22
XWB ~ —mmmmmmmm e RSDHLKT-ATRT-TG-—-— 0.41£0.10  0.42+0.16
XWEBl  —mm e RSD———mmmmmmmmmmmm 2911014 0.16+0.05
XWBBIl  —mmmmmmeee HLKT——————————— 255:0.01 0.50+0.27
XweBlll —— ATRT—————- 1.3320.50 12.33+0.27

FiGUuRE 4: Comparison of the effects of site-directed mutations of
TFIIIA on RNAI and RNA22 binding affinities. (A) Effects of
scanning mutations created using zinc finger sequences from unre-
lated protein WT1 (black boxes). (B) Amino acid sequence of zinc
finger 6 along with the scanning mutations created within the o-helix
of this finger. Relative binding affinities were determined from three
independent determinations, as outlined in Materials and Methods.

comparison have only the zinc finger motif in common, differing
in the number of zinc fingers and the amino acid sequences of the
zine fingers. These three proteins are members of the C,H, class
of zinc finger proteins, each having a mix of fingers that strictly
conform to, and others that deviate slightly from, the canonical
motif and therefore should be quite similar in structure.

As the data in Figure SA show, the interactions of TFIITA and
ZFY6 with RNAL are less sensitive to monovalent salt concen-
tration (a decrease in In K, upon going from the lowest salt
concentration to the highest) than the interactions of YY1 with
RNAT (a decrease in In K, of 3 upon going from the lowest salt
concentration to the highest). This result implies that the con-
tribution of ionic contacts to the free energy of binding a zinc
finger protein to RNAI is not a constant but depends upon the
nature of the zinc finger sequences in each individual protein.

Upon comparison of the binding of the three zinc finger
proteins to RNAT1 as a function of increasing divalent metal
ion concentration, ZFY6 shows the same modest decrease in
apparent K, as TFIIIA does (Figure 5B). However, the interac-
tion of YY1 with RNAI is weakened more sharply at the
introduction of MgCl, into the binding buffer at 1—2 mM before
being modestly weakened as the concentration of the salt inc-
reases beyond this. Perhaps RNAT undergoes a conformational

change at a low MgCl, concentration that decreases the affinity
of YY1 for the aptamer.

The comparison of the pH profiles for binding of TFIIIA,
YY1, and ZFY6 to RNAT yielded some significant differences
(Figure 5C). The interaction of ZFY6 with RNA has an optimal
pH range of 6.0—7.5, with a significant decrease in affinity
occurring at pH >8.0. The pH profile for YY1 shows that the
pH optimum for this protein may lie below 6.0, as observed for
TFIIIA. However, unlike TFIIIA, the interaction of YY1 with
RNAI1 shows a sharp decrease in affinity at pH >8.0. The
discontinuity observed at pH 8 for ZFY6 and YY1 may indicate
two overlapping pH profiles, one for the protein partner and the
other for RNAI. Regardless of whether the key titratable groups
involved in each of these interactions lie within the RNA or
protein, the results demonstrate the flexibility of RNAI in
accommodating the formation of different bonding contacts to
the various zinc finger proteins.

A comparison of the temperature dependence of the inter-
action of the three zinc finger proteins with RNA1 was also
conducted (Figure 5D). The data for YY1 and ZFY6 were
initially analyzed using both eqs 2 and 3. The enthalpy and
entropy terms at 20 °C provided by both analyses were very
similar, but the best fit to the data was obtained with eq 2. As the
data in Table 1 show, the interactions of YY1 and ZFY6 with
RNAL differ in thermodynamic terms from the interaction of
TFIIA with RNA1. The TFIITA—RNAI interaction is driven
by a large favorable entropy, while the interactions of YY1 and
ZFY6 are driven by large favorable enthalpy terms. In the case of
YY1, entropy is either slightly favorable or unfavorable for
complex formation, whereas formation of the ZFY6—RNAI1
complex is favored by entropy as well as enthalpy.

To understand what features of RNA1 are required for
binding to zinc finger proteins with high affinity and broad speci-
ficity, we utilized the predicted secondary structure (Figure 1A)
as a guide in designing site-directed mutations of the RNA. One
obvious target for mutagenesis is the GGGUGGG sequence
found in RNAT and two-thirds of the unique sequences found in
the enriched aptamer library. This sequence forms loop D at the
end of helix IV in the predicted RNAT1 structure. This loop is
closed by five noncanonical base pairs. Regions with these types
of base oppositions such as the “loop E” region of 5S rRNA form
unique local structures with a network of hydrogen bonding
interactions between the opposing strands (30, 47). Seven mu-
tants of RNAT were created to test the importance of the con-
sensus sequence, and the structural presentation of that sequence
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FIGURE 5: (A) Effect of monovalent salt concentration on the affinity of TFIIIA, YY1, and ZFY6 for RNAI. (B) Effect of divalent salt
concentration on the affinity of TFIIIA, YY1, and ZFY6 for RNAL. (C) Effect of pH on the affinity of TFIIIA, YY1, and ZFY6 for RNAI.
(D) Effect of assay temperature on the affinity of TFIIIA, YY1, and ZFY6 for RNAT1. The data points represent the mean of two independent
determinations of K,, with the error bars representing the standard deviation of the mean.

within the context of the full-length RNA1 molecule (Figure 6).
Mutant M1 replaces the GGGUGGG consensus sequence with
the AAAGAAA sequence but maintains the formation of the
loop D structure. This mutation weakens binding of zinc finger
proteins TFIIIA, YY1, and ZFY6 by 62.5—500-fold. In compari-
son, mutations M2 and M3, which alter the identity of the base
pairs closing loop D but retain the GGGUGGG consensus
sequence, have only modest effects on the binding of the three
zinc finger proteins (Figure 6).

The first G of the consensus sequence is predicted to adopt an
extrahelical “bulged” conformation in the RNAT structure. The
importance of this putative conformation of the G was tested in
mutants M4 and MS, which convert this G into a base-paired
form either by extending helix IV by a base pair (M4, Figure 6) or
by causing a shift in the position of the consensus sequence within
helix I'V by altering the base pairs preceding this G (M5, Figure 6).
Both of these alterations result in significant decreases in the
affinity of RNAI for the zinc finger proteins, the largest effect
being observed for mutant M4 (Figure 6). Mutants M6 and M7
were designed to test the importance of the noncanonical base
pairing arrangement predicted to occur in helix IV immediately
preceding the consensus sequence. Mutant M7 is predicted to
adopt the wild-type conformation of RNAI, and this mutation
decreases the affinity for the zinc finger proteins by a modest
2.6—7.9-fold (Figure 6). This result for mutant M7 suggests that
the noncanonical base pairs formed between nucleotides 52—54
and nucleotides 64—66 adopt a structure that contributes to the

binding of the zinc finger proteins. Mutant M6 is predicted to
adopt a structure that maintains loop D but alters the conforma-
tion of helix IV in the region of the first base of the consensus
sequence (Figure 6). This G is predicted to be part of a G-C base
pair, and the UAU sequence of nucleotides immediately preced-
ing it is predicted to form an extrahelical loop rather than being
involved in the noncanonical base pairing found in this region of
wild-type RNA1. The rearrangement of the bases in this region of
helix IV results in a 5.8—11.2-fold decrease in affinity for the zinc
finger proteins, again suggesting that the unique structural
features of this region of wild-type RNA1 are part of the binding
determinants for the zinc finger proteins.

DISCUSSION

Our initial intent in selecting RNA aptamers with high affinity
for TFIIIA was to use them to test whether the related 5S rRNA
binding protein p43 shared a common structural framework for
RNA binding. The three most abundant sequences in the
enriched library of RNA aptamers all had similar high affinities
for TFIIIA but exhibited distinct characteristics in terms of their
degree of specificity for binding TFIITA compared to other zinc
finger proteins (3/). RNAT1 exhibited a complete lack of speci-
ficity for TFIIIA, binding with subnanomolar to nanomolar
affinities to all of the C,H, zinc finger proteins tested. RNA21
demonstrated intermediate specificity, binding with its highest
affinity to TFIIIA and p43, with 10—100-fold lower affinity for
several unrelated zinc finger proteins and having no affinity for
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UeA UeA UeA UeA
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4040y 40 pey 4050y 4050y
5' 3 5' 3 5' 3 5' 3
TFIlIA:  0.010 +0.002 0.797 £0.106 0.753 £0.073
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YY1: 0.016 +0.002 0.350 +0.056 0.577 +0.051
M4
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TFIIIA:  0.002 +0.001 0.051 £0.020 0.173 £0.048 0.374 +0.080
ZFY6: 0.001 +0.001 0.076 +0.013 0.159 +0.027 0.160 + 0.021
YY1: 0.006 +0.001 0.059 +0.021 0.089 +0.022 0.126 +0.026

FIGURE 6: Effects of site-directed mutations of RNAT1 on the binding
of TFIIIA, ZFY6, and YY1. For the sake of clarity, only the region
from nucleotide 40 to 75 of RNA1 is shown. The consensus sequence
is colored green, and nucleotide changes are colored red. The relative
affinities of each protein for each mutant RNA1 are shown below and
represent the mean of three independent determinations reported
with the associated errors (Materials and Methods).

the other zinc finger proteins tested. Only the RNA22 aptamer
exhibited specificity for TFIIIA and p43 congruent with the
specificity of these proteins for their biological ligand, 5S rRNA.

To understand the similarities and differences in the zinc finger
binding properties of these three RNA aptamers, the effects of
different equilibrium binding conditions on TFIIIA binding
affinity were compared. The most distinctive differences were
observed in the responses to changes in pH and assay tempera-
ture. Changing the pH of the assay buffer and measuring the
effects on the apparent K, provide information about the
importance of titratable groups on both the RNA and the protein
that are involved in forming contacts that promote formation of
the RNA—protein complex. The pH profile was distinct for each
of the three aptamers. The pH profile for RNA22 is remarkably
similar to the pH profile for the binding of 5S rRNA to TFIIIA
(31), consistent with the high degree of specificity RNA22 has for
TFIIIA and the functionally related protein p43. The broader pH
optimum of the RNA21 aptamer may be related to its ability to
bind a more diverse group of zinc finger proteins that RNA22
does. The most interesting pH profile was that observed for the
binding of TFIITA to RNAI. The highest affinity of RNA1 for
TFIIIA was measured at the lowest pH tested, with the affinity
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gradually decreasing as the pH increased. This result suggests
that at least one titratable group on either RNA1 or TFIIIA with
a pK, value of <6.01s critical for formation of the RNA—protein
complex.

The contribution of enthalpy and entropy to the free energy of
binding TFIIIA was also compared for all three aptamers. At the
assay temperature of 20 °C, formation of the TFIIIA—RNAI
complex is driven by a large, favorable entropy with little
contribution from enthalpy. In comparison, formation of the
RNA21-TFIIIA and RNA22—TFIIIA complexes is driven by
large, favorable enthalpy terms, while the entropy terms for both
interactions are unfavorable. These two interactions can also be
distinguished from the RNA1—TFIIIA interaction because they
have temperature-dependent enthalpies. The fact that the RNA1—
TFIIA complex is favored by entropy is consistent with the
release of more water molecules and counterions from both the
RNA and the protein than occurs in the formation of the other
two aptamer—TFIIIA complexes. More water molecules would
be released if the interaction surface within the RNA1—TFIIIA
complex is larger than the interaction surfaces in the other two
aptamer—TFIIIA complexes.

The interactions of the broad-specificity RNA1 aptamer and
the highly specific RNA22 aptamer with TFIIIA can also be
distinguished on the basis of the effects of site directed mutations
of the protein. Heterologous replacement of amino acid seq-
uences in fingers 4 and 6 of TFIIIA with sequences from the
unrelated protein WT1 results in a significant loss of binding to
RNA22, as expected for such a highly specific interaction that
mimics the biological TFIIIA—5S rRNA interaction. In contrast,
the same battery of chimeric TFIIIA mutations have only modest
effects on the interaction with RNA 1, in most cases resulting in a
slight increase in affinity, consistent with the ability of this
aptamer to bind to a broad range of zinc finger proteins.

We also investigated the similarities and differences in the
binding of three zinc finger proteins to RNA1, using TFIITA with
nine zinc fingers, an eight-finger peptide derived from the ZFY
protein (ZFY6), and the four-zinc finger domain from the YY1
protein. All three proteins bind to RNAT with high affinity in a
zinc-dependent manner, with dissociation constants ranging from
0.24 to 5.3 nM. The general effects of increasing monovalent and
divalent salt concentrations on the binding of these three proteins
to RNA1 are quite similar. The interaction of RNA1 with TFIIIA
is distinctly different from its interaction with either ZFY6 or YY1
in its response to changes in the pH of the assay buffer. Although
all three proteins exhibit the same trend of peaking at an optimum
of pH 6.0, ZFY6 and YY I show a significant decrease in affinity
for RNAT at pH > 7.5, while the affinity of TFIIIA for RNAT is
essentially the same from pH 7.5 to 9.0. This result indicates that a
group with a pK, value of around 8.0 on RNA1 or on ZFY6 and
YY1 isessential for formation of a complex between the RNA and
these two zinc finger proteins.

The interactions of YY1 and ZFY6 with RNAT can also be
distinguished from the TFIIIA interaction on the basis of relative
contributions of enthalpy and entropy to the free energy of
complex formation. The TFIITA—RNA1 interaction is driven by
a large favorable entropy, with enthalpy making little or no
contribution. In comparison, the interactions of both YY1 and
ZFY6 with RNAT1 are driven by favorable enthalpy terms,
indicating that there are multiple mechanistic routes to forming
a high-affinity zinc finger complex with RNAI.

The secondary structure predicted for RNAT1 places the
GGGUGGG consensus sequence in a hairpin loop at the end
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of a long helical arm with noncanonical base pairs closing the
hairpin loop. Mutagenesis of this region of RNA1 confirmed the
importance of the GGGUGGG sequence, and its structural
context, for binding of zinc finger proteins. These results suggest
that the GGGUGGG region of RNAT1 provides the key nuclea-
tion point for the interaction of a zinc finger protein with RNA1
and would probably interact with one or two zinc fingers. The
overall free energy of binding increases 0.282 kcal/mol for each
additional zinc finger in a protein, consistent with the formation
of at least one noncovalent bond between each additional finger
and RNAI. This consistent increase in free energy per additional
zinc finger implies that all zinc fingers brought into the proximity
of RNAT after the nucleation event are in a configuration
that allows for bonding interactions to occur. Either there is a
preformed complementary binding surface between the zinc
finger proteins and RNAI, or an induced fit between RNAI
and each zinc finger protein may occur upon binding.

The zinc finger—RNA1 binding data are consistent with a
simple bimolecular equilibrium. Attempts to confirm the 1:1
stoichiometry of these complexes by gel shift analysis were
unsuccessful because the complexes dissociate during electro-
phoresis. The consistent increase in binding free energy with each
additional zinc finger for proteins with three to nine fingers and
the absolute requirement for the GGGUGGG motif in RNAI
are consistent with the formation of 1:1 complexes between the
aptamer and the zinc finger proteins that is nucleated at the
GGGUGGG hairpin. In the three-dimensional structure of a
complex consisting of zinc fingers 4—6 of TFIIIA bound to a
61-nucleotide truncated version of the 5S rRNA, the interaction
surface between the protein and RNA is approximately 40 A
long, within an overall peptide length of 69 A and an overall
length of 80 A for the truncated 5S rRNA (30). A rough estimate
based on those parameters suggests that the overall length of the
95-nucleotide RNA1 would be 120 A, which would accommo-
date approximately five or six zinc fingers. Since the free energy of
binding to RNA continues to increase for proteins with seven to
nine zinc fingers, the mode of interaction between RNAI and
zinc finger proteins is likely different from the mode of the
TFIIA—-5S rRNA interaction.

It was originally hypothesized that the outcome of a selection
for ligands with high affinities for a target protein would result in
ligands that also had high specificity for that target (48). “Gen-
eralist” RNA aptamers with high affinity for more than one
protein were first isolated in a study of MS2 and Qg phage coat
proteins (49). Since the two coat proteins have limited sequence
identity and bind to RNA hairpins that differ significantly in
sequence and structure, this result was unexpected but resulted
from a structure in the aptamers that bound to coat protein
dimers rather than monomers. Several groups of generalist RNA
aptamers were also isolated in selection experiments conducted in
parallel with two unrelated double-stranded RNA binding
domains (dsRBD) (50). This result was not unexpected, since
dsRBD proteins bind to RNA in a sequence-independent fash-
ion, any specificity in the interaction relying upon the formation
of specific structures in the RNA (57). In comparison to these
previous studies, RNA1 is novel as a generalist RNA aptamer for
having high affinity for all members of a class of nucleic acid
binding proteins.

The properties of the RNAI and RNA21 aptamers isolated
from the random library by TFIIIA raise some interesting
questions about the interaction of zinc finger proteins with
RNA in the cellular environment. The selection of these aptamers
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suggests the possibility that like dsRBD proteins, zinc finger
proteins may have an inherent ability to bind to RNA in a high-
affinity, nonselective fashion. The properties of the RNA1 and
RNAZ2I aptamers suggest that biological RNAs that have the
ability to bind to more than one zinc finger protein with high
affinity could exist. A biological RNA with properties similar to
those of RNA21 might serve as a staging point, or sequestration
agent, for a limited number of zinc finger proteins, allowing for
coordinated release of the proteins on a specific time scale, or
release in a specific cellular location. The identification and
characterization of biological RNA molecules with high affinity
for a subset of zinc finger proteins should lead to new insights into
the cellular mechanisms of this class of proteins.
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