posed trenches of Latona. In formulating their
model, Sandwell and Schubert (8, 9) analyzed
the topography of the eastern part of the south-
ernmost trench. The full-resolution, mosaicked
image data record for this region (FMIDR 25S,
174 at 75 m per pixel) shows that concentric
fractures extend from the proposed inner topo-
graphic high across the trench to the outer high
and seem related to the formation of all three
proposed trenches. Radial fractures are poorly
developed here, and their temporal relation to the
concentric fractures is unclear. However, a few
radial fractures can be traced across the pro-

posed plate boundary, and overall there is no
change in fracture density across this boundary.
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Molecular Basis for Specific Recognition of Both
RNA and DNA by a Zinc Finger Protein

Karen R. Clemens, Veronica Wolf, Steven J. McBryant,
Penghua Zhang, Xiubei Liao, Peter E. Wright,* Joel M. Gottesfeld*

Transcription factor IlIA (TFIIIA) from Xenopus oocytes binds both the internal control
region of the 5S ribosomal RNA genes and the 55 RNA transcript itself. The nucleic acid
binding domain of TFIIIA contains nine tandemly repeated zinc finger motifs. A series of
precisely truncated forms of this protein have been constructed and assayed for 5S RNA
and DNA binding. Different sets of zinc fingers were found to be responsible for high affinity
interactions with RNA and with DNA. These results explain how a single protein can exhibit
equal affinities for these two very different nucleic acids.

Developing Xenopus oocytes accumulate
massive quantities of ribosomal RNAs
(rRNAs). Transcription factor IIIA (TFIIIA)
serves both as a positive transcription factor
for the synthesis of 55 RNA (1) and as a
storage protein for 5§ RNA prior to the
assembly of ribosomes during the late stages of
oogenesis (2). Since the discovery of the zinc
finger nucleic acid-binding motif in TFIIIA
(3), the mode of interaction of this protein
with both DNA and RNA has been the
subject of intensive investigation. TFIIIA
contains a tandem arrangement of nine zinc
finger motifs; each motif contains approxi-
mately 30 amino acids (3, 4) (Fig. 1) with
invariant cysteine and histidine residues that
coordinate a single zinc atom (5). A
COOH-terminal 10-kD domain is required
for the transcriptional activity of the protein
(6); however, this domain does not interact
directly with either 5S RNA (7) or DNA (6,
8) but rather is responsible for protein-
protein interactions with other components
of the transcription complex (8)..

The DNA binding site for TFIIIA is
contained within the 55 RNA coding se-
quence and consists of three short promoter
elements: A 5’ A-block, an intermediate
element, and a 3’ C-block (9). With the
use of a series of recombinant fragments of
TFIIIA, we have shown that the first three
NH,-terminal zinc fingers bind with full
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specificity to the 3’ C-block promoter ele-
ment of the gene and contribute 95% of the
binding energy for DNA (10). This inter-
action occurs through base-specific major
groove and phosphate contacts (10, 11).
Finger 5 binds in the major groove of the
intermediate promoter element and fingers
7 to 9 bind in the major groove of the
promoter A-block. Fingers 4 and 6 each bind
across the minor groove, spanning these
promoter elements (10, 12). In contrast to
our knowledge of the mode of interaction of
TFIIIA with DNA, relatively little is known
about the mechanisms of interaction of
TFIIA with 55 RNA. RNA footprinting
and chemical-crosslinking experiments (13)
have been performed to map the binding site
for TFIIIA on 5S rRNA and the results of
these experiments show that TFIIIA inter-
acts with a large portion of the 55 RNA

Fig. 1. Amino acid sequence of
TFINA (4) with start (denoted with
open triangles) and stop (denot-
ed with arrows) positions of each
of the truncated polypeptides.
The start of each polypeptide was
either the natural NH,-terminus
for the COOH-terminal deletions
(zf1-N, where N = 3 through 9) or
a Met before the indicated start
amino acid for the NH,-terminal
deletions (zfN-7, where N = 2
through 5). The COOH-terminal
amino acid for the latter series

MGEKALPVVYKRY| CSFADC

molecule. In addition, site-specific mutagen-
esis studies have shown that base changes
that disrupt the secondary structure of 5S
RNA impair TFIIIA binding (14). Howev-
er, the location of specific zinc fingers on 5S
RNA is unknown. Because TFIIIA exhibits
comparable affinities for both the 5S gene
promoter and 58 rRNA (dissociation con-
stant Ky = 1 nM) (7, 14), this raises the
question of whether the same or different
zinc fingers are utilized for high affinity bind-
ing to DNA and 5S rRNA.

To identify the zinc fingers of TFIIIA

‘that are responsible for binding 55 rRNA

we have generated two series of polypep-
tides that contain precise deletions of zinc
fingers from either the COOH-terminus or
both termini of the protein (Fig. 1). Zinc
finger deletions were generated from the
full-length ¢cDNA for TFIIIA (4) by poly-
merase chain reaction (PCR) cassette mu-
tagenesis with the use of a series of specific
oligonucleotide primers (10, 15). The PCR
products were cloned into the expression
vector pRK172 (15) and the truncated
polypeptides were purified from Escherichia
coli cell lysates by heparin-Sepharose ion-
exchange chromatography (10). The amino
acid sequence of these polypeptides was
deduced from the coding sequence in the
expression plasmids. A composite se-
quence, indicating the start and stop amino
acids of each of the polypeptides, is shown
(Fig. 1). Each of these polypeptides was
tested for 58 RNA binding activity with
radiolabeled RNA synthesized in vitro with
T7 RNA polymerase and a synthetic 5S
RNA gene template (16). Binding was
assayed by gel electrophoresis on nondena-
turing polyacrylamide gels (10) with in-
creasing amounts of each of the polypep-
tides in separate reactions. Figure 2 pro-
vides examples of binding experiments
which show the contrast between high af-
finity and low affinity binding. Figures 3A
and 3B provide a graphical representation
of the data for the complete set of zinc
finger polypeptides. Dissociation constants
determined from the protein titrations are

given (Table 1).

-

GAAYNKNWKLQA HLCKH TGVEKPFP a3

CKEEGC EKGFTSLHHLTR HSLTH TGEKNFT s 2
+ YV

CDSDGC DLRFTTKANMKK HFNRFH NIKICVYV 106 3
¥ v

CHRENC GKAFKKHNQLKV HQFSH TQQLPYE 136 4
+

CPHEGC DKRFSLPSRLKR HEKVH AGYP 163 5

CKKDDSC SFVGKTWTLYLK HVAECH oDJ'LAv 193 6

cobve NRKFRHKDYLRD HQKTH EKE'LRTVVL 222 7"

CPRDGC DRSYTTAFNLRS HIQSTH EEc*va 253 8
+

CEHAGC GKCFAMKKSLER HSVVH DPEKRKLK 284 9

EKCPRPKRSLASRLTGY | PPKSKEKNASVSGTEKTDSLVKNKPSGTETNGSLVLDKLT1Q 344

was Glu?'?. The gaps within the sequence indicate regions of the zinc fingers, the loop between zinc
coordinating cysteines, the finger region, the histidine loop, and the linkers between fingers.
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Beginning with the COOH-terminal de-
letion series, zinc finger polypeptides, zfs
1-9, 1-8, and 1-7 each exhibited binding
affinities similar to that of TFIIIA purified
from Xenopus oocytes (K; = 1 to 2 nM)
(Table 1). This result confirms the finding
that the 23-kD trypsin fragment of Xenopus
TFIIIA (6), which contains zinc fingers 1 to
7, binds 55 RNA with full affinity (7).
Deletion of finger 7, however, abolished
high affinity 5S RNA binding. Polypeptides
containing six or fewer NH,-terminal zinc
fingers all exhibited binding affinities-50- to
180-fold lower than that of zf1-7 (Figs. 2
and 3A and Table 1). Graphical represen-
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Flg. 2. Gel mobility shift analysis of the binding
of TFIIA and zinc finger polypeptides to syn-
thetic radiolabeled 5S RNA (76). Measure-
ments were made by protein titrations at con-
stant 5S RNA concentrations (approximately
0.05 to 0.1 nM) in 20 mM Hepes (pH 7.8), 100
mM KCI, 1 mM MgCl,, 10% glycerol, 25 pM
ZnCl,, 5 mM dithiothreitol, and bovine serum
albumin (100 pg/ml) with 250 ng of poly dI-dC
and 20 units of RNasin (Promega) per 20-wul
reaction. Polypeptide concentrations are
shown above the corresponding lanes. After
incubation at ambient temperature for 20 min,
samples were subjected to electrophoresis on
a 6 or 8% nondenaturing polyacrylamide gel.
The autoradiograms are shown.

..

tation of the data (Fig. 3A) clearly shows
two groups of titration curves; one for poly-
peptides which exhibited high affinity bind-
ing (zfs 1-9 to 1-7) and a second group for
those polypeptides which exhibited much
lower binding affinities (zfs 1-6 to 1-3). In
contrast, all of these polypeptides exhibit
high affinity DNA binding (10). This sug-
gests that each of these polypeptides was
correctly folded and that the lack of high
affinity RNA binding was not due to con-
taminants in the preparations of these poly-
peptides (17). A further experiment was
performed to rule out the possibility that
impurities in the zfl-6 preparation might
have inhibited high affinity RNA binding.
TFIIIA and zf1-6 were co-incubated with
5S RNA and assayed for binding as above.
In these mixed reactions, each protein ex-
hibited a dissociation constant similar to
that observed in separate reactions. More-
over, even a 250-fold molar excess of zf1-6
did not inhibit binding of TFIIIA to 5S
RNA. We conclude that the weak binding
of polypeptides containing six or fewer
NH,-terminal zinc fingers is an intrinsic
property of these proteins.

Because the two COOH-terminal fingers
(8 and 9) are not required for high affinity
RNA binding, we generated a series of four
NH,-terminal finger deletions of zf1-7 (15)
(Fig. 1). These polypeptides, termed zfN-7
(where N = 2, 3, 4, 5), were assayed for
RNA binding to determine the minimal set
of zinc fingers that would retain high-affin-
ity binding. Zfs 2-7, 3-7, and 4-7 each
exhibited similar affinities for 5S FRNA (~2
nM) (Fig. 3B and Table 1). Zf4-7 was the
shortest polypeptide to exhibit high affinity

REPORTS

binding. Deletion of zinc finger 4 results in
a 30-fold decrease in binding affnity of
2f5-7 compared to zf4-7 (Figs. 2 and 3B and
Table 1). Thus, zinc fingers 4-7 represent
the minimal domain of TFIIIA which re-
tained specific and high affinity RNA bind-
ing. This four-fingered polypeptide did not
bind the 55 DNA promoter with high
affinity or sequence specificity.

In one clone of zf1-7 (10), single base
changes were found that affected the amino
acid sequence in fingers 4 and 6 [GIn'?! to
Arg (Q121R) in finger 4 and Thr'?® to Ile
(T1761) in finger 6]. This polypeptide ex-
hibited a markedly reduced affinity for 5S
RNA when compared to either TFIIIA or
2f1-7 with the wild-type sequence (Table
2). Both mutations involve surface residues
at base contact positions (19). Substitu-
tions at these sites are unlikely to disrupt
the tertiary structure of these fingers. To
assess the role of each amino acid in RNA
binding, we separately converted each to
the wild-type sequence by site-directed mu-
tagenesis. The results of 5S RNA binding
experiments for these mutants are summa-
rized (Table 2). The finger 4 mutant
showed a fourfold reduction in affinity when
compared to wild-type zf1-7. The T1761
mutation in finger 6 is clearly more delete-
rious than the finger 4 mutation, resulting
in a 30-fold reduction in affinity. The mag-
nitude and nature of this mutation suggest
there is a specific role for this threonine in

- RNA binding. It is noteworthy that the

sequence Thr-Trp-Thr (TWT) in finger 6
(Fig. 1) appears at the same position in
finger 6 of the 55 tRNA binding protein
p43 (20). p43 is similar to TFIIIA; it

1.0
0.9
0.8
0.7
0.6
0.5
04
0.3

Fig. 3. Binding titrations for zinc
finger polypeptides with 5S RNA.
Autoradiograms of gel mobility
shifts (taken within the linear
range of the x-ray film) were
scanned with a laser densitome-
ter and the fraction of bound RNA
was plotted against the concen-
tration of polypeptide in each re-
action. The curves shown were
obtained by nonlinear fitting of the
binding data to the Hill equation:

fraction bound = [Protein]/K * +
[Protein]*, with the use of Temple-

_Fraction bound

graph. In each instance the Hill
coefficient (x) indicated that only
one polypeptide molecule bound
N per RNA molecule. (A) COOH-
7] terminal deletions: €, zf1-9; *,
-1 zf1-8; O, zf1-7; A, zf1-6; x, zf1-5;
- O, zf1-4; and A, zf1-3. (B) NH,-
. terminal deletions of zf1-7: O, zf2-
. 7; and , zf3-7; @, zf4-7; and A,
4 zf5-7.
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contains nine zinc fingers and also serves as
a 5S rRNA storage particle protein in Xen-
opus oocytes. Mutations at any position
within the TWT triplet significantly reduce
the affinity of zf1-7 for 5S RNA (Table 2),
consistent with specific RNA contacts. We
would not expect the Gln (Q) to Arg (R)
mutation in finger 4 to decrease affinity if
GIn!'?' only participates in nonspecific
backbone contacts. Thus, Gln!?! may make
a base-specific RNA contact. For finger 6,
the threonine residues could be involved in
direct hydrogen bonding or, as previously
suggested (21), the tryptophan may partic-
ipate in base stacking interactions.

Qur present results and the results of
DNA-binding studies with these zinc finger
polypeptides (10) reveal a modular struc-
ture within TFIIIA. Zinc fingers 1 to 3 are
required for specific and high affinity DNA
binding, but are dispensable for RNA bind-
ing. Zinc fingers 8 and 9 are dispensable for
both high affinity RNA and DNA binding;
fingers 8 and 9 anchor the COOH-terminal
three zinc fingers onto the 5" A-block pro-
moter element although they contribute
little to the overall binding affinity (10).
This interaction positions the transcrip-
tional activation domain of the protein
such that productive contacts with the oth-
er components of the transcription complex
can form (6, 8). In this report, we show
directly that the central zinc fingers 4 to 7
are sufficient for high affinity RNA binding.
This contrasts with a recent report that the
COOH-terminal fingers of TFIIIA have the
highest affinity for 5S RNA (22); however,
that study was qualitative in nature whereas
the current results provide a quantitative
picture of the relative contributions made
by different zinc fingers in 5§ RNA binding.

After submission of this paper, a report
appeared that claimed no single zinc finger of
TFIIIA is essential for binding 5§ RNA and
implicated fingers 4 to 6 as the minimal
RNA-binding domain (21). That study em-
ployed a qualitative indirect immunoprecip-
itation assay with large B-galactosidase fu-
sion constructs and scored positive or nega-
tive binding under conditions of protein
excess. In the present study, quantitative
binding data reveal large differences in the
relative affinities of different zinc fingers for
55 RNA. The finding that different sets of
zinc fingers impart high affinity binding for
DNA or RNA explains how TFIIIA can
bind the two different nucleic acids with
comparable affinities. We estimate that fin-
gers 4 to 7 contribute 95% of the free energy
of TFIIIA binding to 5S rRNA whereas
fingers 1 to 3 make a similar contribution in
binding the promoter of the 5S gene (10).

One question that remains unanswered
is what distinguishes a DNA binding zinc
finger from an RNA binding finger. Com-
parison of the sequences of the two 55 RNA
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Table 1. Binding constants for the interaction of
zinc finger polypeptides with Xenopus 5S RNA.

COOH-terminal NH_,-terminal
deletions deletions
Poly- Ky Poly- Ky

peptide (nM)* peptide (nM)*
zf1-9 1.2 zf2-7 2.2
zf1-8 1.9 zf3-7 2.2
zf1-7 1.5 zf4-7 2.7
zf1-6 92 zf5-7 77
zf1-5 270

zf1-4 80

zf1-3 98

*Errors are estimated to be 30% of the presented
values.

Table 2. Binding constants for finger 4 and 6
mutants of zf1-7 (25).

Polypeptide Ky (nM)*
zf1-7 wild type 1.5
Q121R (finger 4) 6.7
T1761 (finger 6) 46.6
T1761, Q121R >>50
W177L, Q121R 16.7
T178R, Q121R 16.1

*Binding titrations were performed as described in
Figs. 2 and 3.

binding proteins, TFIIIA and p43 (20),
reveals few homologies other than the con-
sensus zinc ligands (C and H), hydrophobic
amino acids (3), and:the TWT motif in
finger 6 noted above. The conservation of
amino acid residues involved in formation
of the hydrophobic core (19) suggests that
it is not the overall topology of individual
finger domains which imparts specificity for
DNA or RNA. As noted previously (20—
22), the NH,-terminal three zinc fingers of
TFIIIA, which impart DNA specificity
(10), are linked by the sequence Thr-Gly-
Glu-Lys (TGEK); this sequence is com-
monly found in the linkers of many DNA
binding zinc finger proteins (23). This link-
er sequence is not present in p43 or in
TFIIIA beyond the NH,-terminal three fin-
gers. Indeed, mutation of the TGE linker
amino acids between fingers 1 and 2 or
between fingers 2 and 3 in zf1-3 to the
corresponding amino acid sequences of p43
abolishes specific DNA binding (24).

The secondary structure of 55 RNA has
been implicated as the major determinant
of TFIIIA binding, although a degree of
base specificity has been noted for the loop
A (nucleotides 10 to 13) region of 55 RNA
(14). Our current results indicate addition-
al specific contacts. RNA mutagenesis stud-
ies (14, 21) have shown that the major
protein-RNA interactions occur between
nucleotides 10 to 21, 57 to 77, and 99 to
109; these regions comprise loop A and

helices I and V of 5§ RNA. Inspection of
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Fig. 4. Model for the interaction of individual
zinc fingers with 5S RNA. The secondary struc-
ture of Xenopus oocyte-type 5S RNA was taken
from Westhof et al. (26). Boxed nucleotides
indicate regions that when mutated affect TFIIIA
binding affinity in two studies (74).

the secondary structure of 5S RNA reveals
that the binding sites for zinc fingers 5 and
7 in the 5S gene promoter (10) are present
as double-helical RNA in base-paired stems
II and V (nucleotides 69 to 71 for finger 5
and nucleotides 57 to 59 for finger 7).
Disruption of either stem by mutagenesis
reduces TFIIIA binding affinity (14). A
model for the location of each of the zinc
fingers in both the zf4-7 polypeptide and
the full-length protein on 5§ RNA is sug-
gested by placing fingers 5 and 7 on their
respective DNA binding sites in the 5S
RNA structure (shown schematically in
Fig. 4). In this model, finger 4 contacts
nucleotides adjacent to the finger 5 binding
site (nucleotides 73 to 76); mutations in this
region also impair TFIIIA binding (14). We
propose that finger 6 contacts the loop nu-
cleotides 10 to 13, which have been impli-
cated by mutagenesis studies as candidates
for base-specific contacts (14). Mutagenesis
of finger 6 (Table 2) demonstrates the piv-
otal importance of this finger in RNA bind-
ing specificity. Zinc fingers that are dispens-
able for RNA binding (fingers 1 to 3 and 8 to
9) interact with regions of the 55 RNA
molecule which when mutated show little
change in affinity for TFIIA (14). This
model is consistent with RNA footprinting
experiments recently reported for TFIIIA
deletion mutants (21). Future high-resolu-
tion nuclear magnetic resonance or crystal-
lographic studies with zf4-7 and truncated
versions of 5§ RNA will be needed to verify
and refine the details of this model.
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Knotting of a DNA Chain During Ring Closure

Stanley Y. Shaw and James C. Wang

The formation of knotted species on random ring closure of two DNAs that are 5.6
kilobase pairs (kbp) and 8.6 kbp in length was measured, and these data were used to
calculate the effective DNA helix diameter as a function of sodium ion and magnesium
ion concentration. In the presence of more than 50 mM magnesium ion, interactions
between DNA segments appear to be attractive rather than repulsive. The free energy
of formation of relaxed trefoil and figure-eight DNA knots and of supercoiled trefoil DNA

knots was also evaluated.

Descriptions of knots in 19th century
atomic physics (I) presaged the formal de-
velopment of knot theory, the study of the
topology of deformable but nonbreakable
closed curves in three-dimensional space.
Concepts from knot theory have permeated
such fields as algebraic topology, physics,
and synthetic and polymer chemistry,
sometimes revealing relations among seem-
ingly disparate disciplines (2). In biology,
the abundance of large ring-shaped mole-
cules in living organisms has provided fer-
tile ground for the study of knots, particu-
larly since the discovery of knotted DNA
rings (3). A number of DNA knots have
been characterized in detail, and their
knot-types have provided insights into the
mechanisms of the enzymatic reactions that
produced them (4).

When a particular DNA transaction can
yield either a knotted or unknotted product,
the energetics of DNA knotting might influ-
ence the course of the reaction (5). In con-
trast to the elegant and extensive work on
knot typing and its mechanistic implications
(4), however, no experimental datum exists

for the probability (and hence the Gibbs free
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energy) of formation of even the simplest
knotted DNA ring, the trefoil. It has been
shown that for a polygon of n sides, the
probability that it is unknotted approaches
zero as n approaches infinity (6); thus, the
probability of knotting in very large DNA
rings is likely to be high. In solution, DNA
behaves as a stiff molecule with a Kuhn
statistical segment length (7) of about 1000 A
or 300 base pairs (bp). Theoretical models of
knot formation in polymer chains suggest that
for DNA molecules thousands of base pairs in
length, the probability of knotting during ring
closure is small but significant (8-11). Thus,
in addition to yielding information on the
energetics of knotted DNA rings, measure-
ments of knot formation in randomly cyclized
DNA should also provide experimental tests
of the various theoretical treatments of knot-
ting probabilities.

To determine experimentally the proba-
bility of knotting, we used two DNA mol-
ecules 5.6 kbp and 8.6 kbp in length. The
DNAs were designed to have single-strand-
ed ends identical to those of phage A (12);
because the chemical step of pairing such
ends is the rate-limiting step in cyclization
(13), the fraction of knotted rings in the
product represents that in the equilibrium
population.
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