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⬃50-bp internal promoter in three structurally distinct modules (39, 44). A DNA fragment containing a Xenopus borealis
somatic-type 5S gene assembles into positioned nucleosomes
upon reconstitution with purified core histones (16, 35, 40).
Hydroxyl radical footprinting has shown that strong core histone-DNA contacts extend from ⬃⫺75 to ⬃⫹70 within the 5S
sequence, with weaker interactions detected up to 10 to 20 bp
to either side of this region (16, 40). Thus histone-DNA contacts exist throughout the majority of the 5S internal promoter,
including the ⫹80 through ⫹90 region, which contains the
most energetically important contacts for TFIIIA binding (Fig.
1) (13, 15, 36). Accordingly, assembly of the 5S DNA fragment
into nucleosomes severely restricts TFIIIA binding to the 5S
internal promoter (17, 40). However, TFIIIA binds with relatively high affinity to 5S nucleosomes in which the histone tail
domains are hyperacetylated or have been removed (23, 43).
The mechanism by which acetylation or removal of the core
histone tails enhances TFIIIA binding is unclear. Both of these
alterations have only marginal effects on the extent of histoneDNA contacts within nucleosomes or probability of site exposure for nucleosomal DNA (2, 6, 12, 31). Moreover, the details
of the interaction between the 5S nucleosome and TFIIIA
have not been defined. For example, do all nine zinc fingers of
this modular protein bind DNA within the nucleosome? To
what extent are histone-DNA interactions disrupted upon
TFIIIA binding? Previous studies examining the solution structure of the TFIIIA-5S nucleosome complex using DNase I
protection assays were unable to discriminate between TFIIIA
Zn-finger–DNA interactions and histone-DNA interactions in
this ternary complex (23, 35). However, hydroxyl radical footprinting has been used to distinguish between the binding of
individual zinc fingers of TFIIIA to 5S DNA (13, 44) and to
precisely map histone-DNA interactions (16), suggesting that

The assembly of DNA into the basic subunit of chromatin,
the nucleosome, severely restricts the activity of most sequence-specific DNA binding factors. This is due to constraints
arising from the intimate association of the DNA with histone
proteins and the severe DNA bending and changes in helical
periodicity that occur upon nucleosome formation (18, 26, 49).
However, nucleosomes are dynamic structures, in rapid equilibrium with states in which the DNA is partially unwound and
as accessible to DNA binding proteins as naked DNA (32).
Thus, DNA binding transcription factors compete directly with
histones for binding to nucleosomal DNA (32). Importantly,
Widom and colleagues have demonstrated that this simple
competition between histones and trans-acting factors leads to
inherent cooperativity in the binding of otherwise unrelated
factors and appears to be operative in vivo (28, 33).
Given the apparent role of chromatin structure in the developmental regulation of the 5S rRNA gene system from
Xenopus (1, 3, 48), DNA fragments containing these genes
have been useful model systems for investigation of the interplay between the binding of histones and transcription factors
to the same DNA (35, 46). DNA fragments containing 5S
genes harbor robust nucleosome positioning elements that direct the binding of histones upon reconstitution in vitro (10,
38). Moreover, the initial event in transcriptional activation of
the 5S gene family involves binding of the 5S-specific transcription factor IIIA (TFIIIA) to an internal promoter (internal
control region) (9). TFIIIA is a nine-zinc-finger protein (4, 27)
which binds in a complex fashion along the entire length of the
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Assembly of a DNA fragment containing a Xenopus borealis somatic-type 5S RNA gene into a nucleosome
greatly restricts binding of the 5S gene-specific transcription factor IIIA (TFIIIA) to the 5S internal promoter.
However, TFIIIA binds with high affinity to 5S nucleosomes lacking the N-terminal tail domains of the core
histones or to nucleosomes in which these domains are hyperacetylated. The degree to which tail acetylation
or removal improves TFIIIA binding cannot be simply explained by a commensurate change in the general
accessibility of nucleosomal DNA. In order to investigate the molecular basis of how TFIIIA binds to the
nucleosome and to ascertain if binding involves all nine zinc fingers and/or displacement of histone-DNA
interactions, we examined the TFIIIA-nucleosome complex by hydroxyl radical footprinting and site-directed
protein-DNA cross-linking. Our data reveal that the first six fingers of TFIIIA bind and displace approximately
20 bp of histone-DNA interactions at the periphery of the nucleosome, while binding of fingers 7 to 9 appears
to overlap with histone-DNA interactions. Molecular modeling based on these results and the crystal structures
of a nucleosome core and a TFIIIA-DNA cocomplex yields a precise picture of the ternary complex and a
potentially important intermediate in the transition from naïve chromatin structure to productive polymerase
III transcription complex.
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this method may reveal such structural details within the
TFIIIA-nucleosome complex.
To elucidate structural details of TFIIIA bound to a 5S
nucleosome, we performed quantitative hydroxyl radical footprinting of the TFIIIA-nucleosome complex. Comparisons to
the naked DNA-TFIIIA complex and the nucleosome cleavage
pattern allowed a precise determination of the location of
histone-DNA interactions and the interactions of TFIIIA zinc
fingers within the triple complex. These data, coupled with
protein-DNA cross-linking studies and molecular modeling,
allow the construction of a well-defined model for how this
transcription factor binds to the 5S nucleosome, revealing an
important initial intermediate in the process of histone eviction
and formation of a competent preinitiation complex.
MATERIALS AND METHODS
DNA fragment, histones, and nucleosome reconstitution. A 215-bp DNA
fragment containing a somatic-type 5S rRNA gene from X. borealis was obtained
from the plasmid XP-10 by digestion with EcoRI and DdeI (43). Reconstitution
of this template with core histones resulted in the majority of nucleosomes
generated adopting translational positions near the 5⬘ end of the fragment (Fig.
1) (16). The fragment was radiolabeled at the 5⬘ EcoRI site with [␥-32P]ATP and
T4 polynucleotide kinase by standard methods (43). Histones were prepared
from chicken erythrocyte nuclei as described previously (37). Tailless histones for
reconstitution were prepared by treatment of stripped chromatin or reconstituted nucleosomes with trypsin-linked agarose beads as described elsewhere (41,
43). Nucleosomes were reconstituted with radioactively labeled 5S DNA together with unlabeled sheared calf thymus DNA via salt-gradient dialysis (14).
TFIIIA binding assays. TFIIIA was prepared from Xenopus oocytes (39) or
overexpressed in bacterial cells and purified as described previously (8). TFIIIA
prepared by either method behaved identically in nucleosome binding assays.
TFIIIA binding reactions were carried out with 10 l of the reconstituted histone-DNA complexes (⬃250 ng of total DNA; ⬃25 fmol of total 5S DNA) in
binding buffer (50 mM NH4Cl, 10 mM HEPES [pH 7.4], 5 mM MgCl2, 20 M
ZnCl2, 5 mM dithiothreitol, 0.02% Nonidet P-40, 20 g of bovine serum albumin/ml, and 100 ng of calf thymus DNA) in a final volume of 13 l. Complexes
were incubated with purified TFIIIA as indicated in the figure legends for 1 h at

23°C and then loaded directly onto 0.7% agarose nucleoprotein gels containing
0.5⫻ TB buffer (45 mM Tris borate [pH 8.3]) and electrophoresed for ⬃2 h at
20 mA in the same buffer. EDTA was omitted from all buffers.
Hydroxyl radical footprinting analysis of the triple complex. Nucleosomes
were reconstituted with either wild-type or trypsinized core histones as described
above. The amount of TFIIIA required to bind the nucleosome on a preparative
scale was determined by careful stepwise titration and analysis on 0.7% agarose
nucleoprotein gels (17, 23). Typically, TFIIIA binding reaction mixtures were
prepared as described above but scaled up by a factor of 10 to a reaction volume
of 130 l for footprinting studies. The samples were subjected to hydroxyl radical
digestion by mixing 6.5 l of 0.5 mM Fe(II)-EDTA and 6.5 l of 1 mM sodium
ascorbate together on the sides of the tube, then adding 6.5 l of 0.12% hydrogen
peroxide to the drop and immediately mixing these reagents with the binding
reaction mixture. The digestion was allowed to proceed for 2 min, and then
reactions were quenched by the addition of glycerol to a final concentration of
5% prior to loading onto 0.7% agarose preparative gels (17, 43). The gels were
electrophoresed at 20 mA for 2 h, and then the complexes were identified by
autoradiography of the wet gel. Bands corresponding to free DNA, TFIIIA/DNA
complex, wild-type nucleosome, unbound trypsinized nucleosomes, and the ternary
complex containing 5S DNA/trypsinized core histones/TFIIIA were identified and
excised. Gel slices were placed into Spin-X tubes, placed at ⫺80°C for 30 min, and
then spun at 13,000 rpm in a Brinkman microfuge for 30 min to elute the protein and
DNA. The gel plugs were reextracted with an equal volume of Tris-EDTA buffer
containing 0.2% sodium dodecyl sulfate (SDS), and then the two eluates were
combined. The DNA was precipitated twice and then analyzed by sequencing gel
electrophoresis and phosporimager quantitation of the dried gels (43).
Cross-linking of tailless 5S nucleosomes containing APB-modified H2A.
Dimers containing the mutant H2A-A12C or H2A-A45C (in which alanine 12 or
45 is changed to cysteine, respectively) were prepared and then modified with the
cross-linking agent 4-azidophenacylbromide (APB; Sigma) as described previously (24). Nucleosomes containing these proteins were reconstituted as described above, except that concentrations of histones and DNA were increased
fivefold and the total volume of the reconstitution increased 10-fold (50-fold
more material reconstituted). After reconstitution, the material was concentrated 10-fold by using a filtration concentrator (Millipore) (52). A portion of the
nucleosomes were irradiated for 30 s at 365 nm to induce protein-DNA crosslinking before treatment with the trypsin-agarose resin to remove core histone
tails as described above. The proteolysis was checked by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) of a portion of the sample, and the cross-linked
tailless nucleosomes were purified by sucrose-gradient centrifugation. Crosslinked, tailless nucleosomes were then incubated with TFIIIA, and bound and
unbound complexes were separated on preparative 0.7% agarose nucleoprotein
gels. DNA was purified from each band in the gel and loaded onto an SDS–6%
PAGE, and the gel was electrophoresed at 100 V for 14 h to analyze the amount
of cross-link species in each band (24). Alternatively, the reconstituted (unirradiated) nucleosomes containing H2A-A12C-APB were treated directly with trypsin-agarose beads to remove core histone tails. These nucleosomes were purified
by sucrose gradients and then incubated without or with TFIIIA and complexes
separated on agarose nucleoprotein gels. After electrophoresis, the gel was
irradiated for 30 s at 365 nm to induce cross-linking, and the amount of H2A
cross-linked to labeled DNA was determined by electrophoresis on SDS-PAGE
as described above.
Molecular modeling of the TFIIIA-nucleosome complex. The Nolte et al.
structure (29), which contains the first six zinc-finger domains in complex with 5S
DNA, was used as the starting point to generate a model of the TFIIIA/DNA
complex with all nine zinc-finger domains. The model of the 5S DNA was
extended using the program SYBYL (SYBYL Molecular Modeling System;
Tripos, Inc., St. Louis, Mo.) to include the binding sites for zinc fingers 7 to 9. To
model the position of zinc fingers 7 to 9, the rotation and translation operators
that superimpose zinc-finger binding sites 1 to 3 onto zinc-finger binding sites 7
to 9 were found using the program O (20). The same operators then were applied
to zinc fingers 1 to 3 to generate the model for fingers 7 to 9. The nine-zincfinger-containing model was then energy minimized using the program CNS (5).
To prepare the TFIIIA/nucleosome complex model, the TFIIIA model was
connected to the nucleosome model using the corresponding base positions of
116 in the Luger et al. structure (26) and position 40 in the 5S RNA gene. The
resulting complex was energy minimized using the CNS program.

RESULTS
Previous work has demonstrated that while binding of
TFIIIA to a nucleosome containing an X. borealis somatic-type
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FIG. 1. A DNA fragment containing a Xenopus somatic-type 5S
RNA gene. (A) Diagram showing the approximate location of the
main nucleosome translational position. The oval corresponds to the
147-bp nucleosome core region, but note that histone-DNA interactions are detected outside of this region (16, 40). The location of the 5S
gene (black arrow) and the internal promoter where TFIIIA binds
(hatched box) are shown. Numbers are with respect to the start site of
transcription of the 5S gene at ⫹1. (B) Schematic of the proposed
TFIIIA-DNA complex, based on references 7, 15, and 29. The 4-kDa
COOH-terminal transcription activation domain is represented as a
dotted oval.
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ment, has features identical to those found within the TFIIIADNA complex (Fig. 3). Notably, in between these two regions
lies a transition zone which has features that appear to be a
combination of both binary complexes. The periodicity of protection in the nucleosome cleavage pattern is preserved but
down-weighted by the uniform protection in the TFIIIA-DNA
cleavage pattern (Fig. 3).
In order to gain additional insight into the TFIIIA-nucleosome complex, we repeated the hydroxyl radical footprinting
experiments with complexes in which the opposite DNA strand
(the bottom or “coding” strand) was radioactively end labeled
at the DdeI site, downstream of the 5S gene (Fig. 1 and 4A).
Again, we found that the footprint of the native and tailless
nucleosomes in the TFIIIA binding buffer appeared nearly
identical, with small differences detected near the edge of the
nucleosome footprints (Fig. 4B). In addition, TFIIIA protected nucleotides ⫹39 to ⫹93 from cleavage on the coding
strand (Fig. 4A and B, top) as expected (15). It is important to
note that the interaction of TFIIIA with the 5S internal promoter is asymmetric, such that the protein appears to interact
less intimately with the coding strand than with the noncoding
strand (36). Thus, less-extensive protection from DNA cleavage is observed within the TFIIIA footprint in the broad regions that correspond to the binding of fingers 1 to 3 and 7 to
9 (15, 44). Inspection of the gels revealed a pattern of protection that complemented that found for the top (noncoding)
strand. The patterns for the ternary complex and the tailless
nucleosome were nearly identical from the extreme upstream
region to about position ⫹42 (Fig. 4B, Tryp oct/Tern com). As
found on the top strand (Fig. 3), this pattern clearly reflects the
purely histone-DNA interactions in this region. A similar comparison showed that a portion of the footprint of TFIIIA
bound to naked 5S DNA almost exactly matched the hydroxyl
radical cleavage pattern of the ternary complex (Fig. 4B,
TFIIIA/Tern com). This TFIIIA-like pattern extended from
approximately ⫹55 to the extreme downstream positions, corresponding to that observed on the top strand in this region
(Fig. 3). Likewise, in between this region and the “histone-like”
cleavage pattern in the footprint of the ternary complex lies a
transition zone including positions ⫹43 through ⫹57, in which
the pattern does not resemble either binary complex alone
(Fig. 4). Rather, consistent with the top strand, contacts in this
zone have elements of both TFIIIA (most likely the binding of
fingers 7 to 9) and histones.
The above results suggest that some histone-DNA interactions are lost when TFIIIA binds to the nucleosome. To address this issue we determined whether histone-DNA contacts
near the edge of the internal promoter were maintained or
disrupted upon TFIIIA binding to the nucleosome. Nucleosomes were assembled with H2A modified with a photoactivatable cross-linker at amino acid 12. This position is located
adjacent to the first ␣-helix in H2A and lies near the DNA
superhelix in the nucleosome core (26), and after brief UV
irradiation of these nucleosomes covalent cross-links form between H2A and the noncoding (top) strand of 5S DNA, primarily near position ⫹40 (25). Note that cross-links at this
position are located at the very 5⬘ edge of the TFIIIA binding
site and corresponded to a nucleosome translational position
with a dyad centered near ⫺3 as expected (Fig. 1) (25). Nucleosomes were reconstituted with the modified H2A and sub-
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5S gene and native core histones is severely restricted, TFIIIA
binds to a 5S nucleosome lacking the core histone tail domains
with an affinity approaching that for binding naked 5S DNA
(17, 23, 43). To determine the extent of TFIIIA-DNA and
histone-DNA interactions in the TFIIIA/5S DNA/core histone
ternary complex, native and tailless 5S nucleosomes and naked
5S DNA were incubated with TFIIIA in binding buffer, and
then complexes were treated with hydroxyl radicals and separated on preparative nucleoprotein gels. Radiolabeled DNAs
from individual species were isolated from these gels, and the
cleavage patterns were analyzed by sequencing gel electrophoresis and phosphorimagery (see Materials and Methods)
(Fig. 2A). Pixel density was integrated from top to bottom
through each lane, and the data were plotted versus linear
position along the gel (Fig. 2B). Quantitative comparison of
the nucleosome and naked DNA showed that the extreme
downstream edge of the nucleosome footprint extends to approximately ⫹90 (Fig. 2C), as expected from previous analyses
(16, 40). Interestingly, the footprints of the tailless and native
nucleosomes were nearly identical, with only small differences
detected near the very edge of the footprint (Fig. 2B), consistent with previous results (2, 12). Note that in these experiments the radioactive label is incorporated at the 5⬘ end of the
noncoding (top) strand in the 5S DNA fragment (Fig. 1A).
The nine zinc fingers of TFIIIA bind in a complex fashion
along the entire length of the ⬃50-bp internal promoter in
three structurally distinct modules (Fig. 1B) (39, 44). Fingers 1
to 3 form a three-finger unit similar in gross detail to the
interaction of zif268 with DNA (29, 30, 45, 51). These fingers
lie primarily within the major groove at the 3⬘-most end of the
promoter and account for the continuous zone of protection in
the hydroxyl radical footprint in the region ⫹79 to ⫹90 (Fig.
2B and C, top). In contrast, fingers 4 to 6 lie along one side of
the DNA, crossing over major and minor grooves in the center
of the promoter (7, 13, 15, 29) and resulting in deep protections and peaks in cleavage in the region from ⫹79 to approximately ⫹58. Finally, fingers 7 to 9 likely wrap around the
DNA in a manner similar to fingers 1 to 3 at the 5⬘-most end
of the internal promoter, contacting positions ⫹59 to ⫹49 (7,
13, 15). Importantly, the residues beyond finger 9, including
the C-terminal transcription activation domain, extend the hydroxyl radical footprint to approximately position ⫹40 on this
strand (Fig. 2C, top).
To assess the interactions of TFIIIA with DNA within the
nucleosome, the hydroxyl radical cleavage pattern of the ternary complex was compared to the cleavage patterns of TFIIIA
bound to naked 5S DNA and the nucleosome alone. Overlays
of the TFIIIA-DNA pattern on the naked DNA cleavage pattern clearly showed that the protein protected bases from approximately ⫹40 to ⫹95 within the 5S top (noncoding) strand
from cleavage by hydroxyl radicals (Fig. 3A), consistent with
earlier results (13, 44). Comparison of the footprint of the
ternary complex to the TFIIIA-DNA and nucleosome patterns
(Fig. 3) revealed three distinct regions of structure within the
TFIIIA-nucleosome complex. The 5⬘-most region of the ternary complex has a hydroxyl radical cleavage pattern nearly
indistinguishable from that of the nucleosome alone, extending
from the upstream region to approximately position ⫹45 (Fig.
3). In addition, the 3⬘-most region of the complex, from approximately position ⫹58 to the downstream end of the frag-
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jected to trypsin proteolysis (Fig. 5A). TFIIIA bound to the
tailless APB-modified nucleosomes in a manner similar to nucleosomes containing tailless native histones (Fig. 5B and C).
We first determined whether binding of TFIIIA affected the
efficiency of histone cross-linking to DNA at this site. We
expected that if TFIIIA disrupted histone interactions in the
vicinity of the cross-linking site we would detect a net loss of
about 50% of the cross-links given the equivalent extent of
cross-linking induced by H2A-A12C-APB in both halves of the
nucleosome (25). However, we found that an identical yield of

cross-link products formed within tailless nucleosomes containing H2A-A12C-APB, whether free or bound by TFIIIA
(Fig. 5D). Next, we determined if prior cross-linking between
H2A and 5S DNA would have any detectable effect on subsequent TFIIIA binding. Nucleosomes were irradiated to induce
cross-linking in approximately 10% of the complexes and then
incubated with increasing amounts of TFIIIA. We reasoned
that if the presence of a cross-link negatively influenced
TFIIIA association, then the protein would preferentially bind
un-cross-linked complexes over complexes containing a cross-
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FIG. 2. Hydroxyl radical footprinting of the TFIIIA-5S nucleosome ternary complex. Nucleosomes reconstituted with 5S DNA radiolabeled at
the 5⬘ end of the EcoRI site (top strand) and core histones retaining or lacking the tail domains were incubated in the presence or absence of
TFIIIA, and then the hydroxyl radical cleavage pattern of the DNA within the resulting complexes was analyzed by denaturing gel electrophoresis
and phosphorimagery. (A) Phosphorimage of the cleavage patterns. Lane 1, G-reaction marker; lanes 2 to 6, hydroxyl radical footprints of naked
5S DNA, the TFIIIA-5S DNA complex, native 5S nucleosomes, tailless 5S nucleosomes, and tailless 5S nucleosomes bound by TFIIIA (ternary
complex), respectively. (B) Scans of cleavage patterns. Scans were integrated using a window width sufficient to include the entire lane and
correspond to the lanes shown in panel A. (C) Comparison of scans of the TFIIIA-DNA complex (TFIIIA), the ternary complex (Tern com), and
the tailless nucleosome (Tryp oct) with the naked DNA pattern (DNA; blue line). Regions corresponding to the nucleosome and the internal
promoter are indicated.
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link, resulting in a reduction of cross-linked species in the
TFIIIA-bound compared to unbound nucleosomes. A comparison of the amount of cross-linked species in the TFIIIAbound and unbound nucleosome bands formed at subsaturating TFIIIA concentrations (Fig. 6A, lane 5) revealed no
preference for TFIIIA binding to un-cross-linked versus crosslinked nucleosomes (Fig. 6B, lanes 3 and 4). These results
indicate that disruption of histone-DNA interactions in the
vicinity of position ⫹40 in the 5S sequence is not required for
TFIIIA binding to the nucleosome.
To substantiate the above results, we repeated the experiment with the cross-linker attached to another position within
the nucleosome. Recently, Kassabov et al. described a similar
cross-linking methodology via position 45 within the histone
fold domain of H2A (21). In our hands, nucleosomes containing H2A-A45C modified with APB cross-link to the noncoding
(top) strand of 5S DNA at positions ⫹33/⫹34 and ⫹43/⫹45
(results not shown), corresponding to the main translational
position and perhaps a related position with a dyad at ⫹8 or
two cross-link sites from one translational position (6, 34).
Nucleosomes assembled with H2A-A45C-APB did not exhibit
binding when incubated with increasing amounts of TFIIIA
(Fig. 7A), similar to 5S nucleosomes assembled with native
histones (17). Likewise, removal of the core histone tail domains greatly stimulated TFIIIA binding (Fig. 7B). Importantly, we found that prior cross-linking of these nucleosomes
did not affect subsequent binding of TFIIIA, as equivalent
amounts of cross-linked nucleosomes were recovered from
free and TFIIIA-bound nucleosomes prepared under subsatu-

rating binding conditions (Fig. 7B and C). These results indicate that disruption of histone-DNA interactions induced by
TFIIIA does not extend beyond position ⫹45 in the 5S nucleosome.
In light of our mapping data and the availability of crystal
structures for a nucleosome core and the first six fingers of
TFIIIA bound to DNA, we constructed a molecular model for
the TFIIIA/5S DNA/core histone ternary complex. As mentioned above, our footprinting results indicate that the DNA
binding site for fingers 7 to 9 exhibits features of interactions
with both TFIIIA as well as core histones. For example, we
noted that a peak in the hydroxyl radical cleavage pattern of
the 5S nucleosome centered at position ⫹50 (noncoding
strand) also occurred (to a lesser extent) in the ternary complex, in the middle of the protected region corresponding to
TFIIIA fingers 7 to 9 (Fig. 3). Moreover, our cross-linking
results indicated that histone-DNA interactions were not disrupted by TFIIIA binding beyond position ⫹40 to ⫹45. Therefore, we reasoned that both histones and fingers 7 to 9 of
TFIIIA might make simultaneous interactions with the DNA
in the region ⫹45 to ⫹55. To examine this possibility, we built
a molecular model of the ternary complex using the X-ray
crystal structure by Nolte et al. of fingers 1 to 6 of TFIIIA
bound to a 31-bp DNA fragment from the 5S promoter as a
starting point for model building (29). Since we and others
have shown that fingers 7 to 9 likely form a similar structural
unit as fingers 1 to 3 and interact with DNA in a similar fashion
(7, 13, 15), we modeled these fingers onto the end of the model
of Nolte et al. to generate a nine-Zn-finger protein bound to 5S
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FIG. 3. Both TFIIIA and core histone interactions are detected in the internal promoter of the ternary complex. Top, overlay of scans of the
TFIIIA-5S DNA complex (TFIIIA) and the TFIIIA-tailless 5S nucleosome ternary complex (Tern com; blue line). Bottom, overlay of scans of the
tailless 5S nucleosome (Tryp oct; black line) and the TFIIIA-tailless 5S nucleosome ternary complex (Tern com; blue line). The green and black
horizontal bars indicate regions within the ternary complex that resemble either the TFIIIA-DNA pattern or the nucleosome pattern, respectively.
The dashed red bar indicates the transition region in the ternary complex footprint, which resembles both binary complexes.
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FIG. 4. Hydroxyl radical footprinting of the TFIIIA-5S nucleosome ternary complex. Nucleosomes reconstituted with 5S DNA radiolabeled at the 5⬘ end of
the DdeI site (bottom strand) were prepared, and the hydroxyl radical footprints within complexes were analyzed as for Fig. 2. (A) Phosphorimage of the cleavage
patterns. Lane 1, G-reaction marker; lanes 2 to 6, hydroxyl radical footprints of naked 5S DNA, the TFIIIA-5S DNA complex, native 5S nucleosomes, tailless 5S
nucleosomes, and tailless 5S nucleosomes bound by TFIIIA, respectively. (B) Analysis of scans of naked 5S DNA (DNA; red line), the TFIIIA-DNA complex
(TFIIIA; blue line), the ternary complex (Tern com; black line), and the tailless nucleosome (Tryp oct; blue line). Also shown is an overlay of native (Wt oct; blue
line) and tailless nucleosomes (Tryp oct; black line). Green, red, and black bars are as described for Fig. 3.
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DNA. We then fit the TFIIIA-DNA complex to the nucleosome model by first precisely aligning the 5S sequence with the
model of a nucleosome core particle based on the hydroxyl
radical cleavage pattern of the 5S nucleosome (16, 26) (Fig. 2
and 4). This gave residue 116 (in chain I) of the Luger structure
as being equivalent to position ⫹40 in the 5S sequence. The
nine-Zn-finger structure was then transformed to the appropriate position relative to the nucleosome by first superimposing bp 46 to 48 in the nine-Zn-finger model with the equivalent
base pairs (121 to 123) in the Luger structure. We then removed residues downstream of residue 120 in the nucleosomal
DNA and “ligated” residue 120 of the Luger structure to
residue 46 of the transformed Zn-finger DNA complex. This
complex was energy minimized as described in Materials and
Methods. The model places fingers 7 to 9 binding to a stretch

of DNA also in close proximity and in at least partial contact
with the core histone octamer, while fingers 1 to 6 are bound to
essentially histone-free DNA. This simultaneous interaction is
possible due to the binding of fingers 7 to 9 to a face of the
nucleosomal DNA that is not in contact with the core histones.
Note that due to constraints of model construction, it was
necessary to model fingers 7 to 9 as being completely associated with DNA, in a manner identical to that of fingers 1 to 3.
However, our footprinting data suggest that these fingers may
not bind in a completely unrestricted fashion. In addition, the
orientation of TFIIIA in our model predicted that the 4-kDa
COOH-terminal transcription-activation domain would likely
extend away from the complex, in position to interact with
TFIIIC (11, 22) (see below).
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FIG. 5. TFIIIA binding does not affect the interaction between 5S DNA and histone H2A in the 5S nucleosome. Nucleosomes were
reconstituted with core histones including H2A-A12C-APB. (A) Protein gel showing native and tailless histones after trypsinolysis. Lanes 1 to 3
show native H3/H4 tetramers, H2A/H2B dimers, and core histone proteins after nucleosome reconstitution, respectively. Lane 4 contains
nucleosomal histones after treatment with trypsin to remove tail domains. Note that proteins shown in lanes 2 to 4 include H2A-A12C-APB.
(B) The ability of TFIIIA to bind 5S nucleosomes containing intact or tailless H2A-A12C-APB was assessed by DNase I footprinting. Lane 1,
uncleaved naked 5S DNA; lane 2, G-reaction marker; lanes 3 and 4, cleavage patterns of the naked 5S DNA fragment in the absence and presence
of TFIIIA, respectively; lanes 5 and 6, cleavage patterns of the 5S nucleosome reconstituted with native H2A and H2A-A12C-APB, respectively.
Lanes 7 and 8 contain cleavage patterns of the tailless H2A-A12C-APB-containing 5S nucleosome in the absence and presence of TFIIIA,
respectively. Graphics at right depict the tripartite footprint (lines) due to binding of the nine Zn fingers of TFIIIA (circles). The transcription
activation domain (hatched box) and the location of the nucleosome dyad (horizontal arrow) are shown. The position of the 5S gene and internal
promoter are as in Fig. 2. (C) Tailless 5S nucleosomes containing H2A-A12C-APB bind TFIIIA. The tailless 5S nucleosomes were incubated with
or without TFIIIA as indicated, and complexes were separated on preparative mobility shift gels. The gels were irradiated, and cross-linking was
assessed. (D) Binding of TFIIIA does not affect the efficiency of cross-linking between H2A-A12C-APB and 5S nucleosomal DNA. Radiolabeled
DNA from the gel shown in panel C was isolated and separated on an SDS–6% PAGE gel, and cross-linked species were detected by
phosphorimager. Lanes 1 and 2, cross-linked products in the naked DNA and native nucleosome bands (panel C, lanes 1 and 2); lanes 3 and 4,
cross-linked products in the tailless H2A-A12C-APB nucleosome before and after TFIIIA binding (panel C, lanes 4 and 5).
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DISCUSSION
Our analysis of the TFIIIA/DNA/histone ternary complex
provides a picture of an important initial intermediate on the
pathway from naïve chromatin structure to productive polymerase (pol) III transcription complex. This transition is initiated by the invasion of the nucleosome structure by the binding
of a portion of TFIIIA to the 5S internal promoter. TFIIIA
binding is initiated from the 3⬘ (downstream) end of the internal promoter and involves the N-terminal Zn-finger domains
of the protein, where the energetically most significant proteinDNA contacts are located (7, 15, 36). However, we found that
binding apparently did not proceed to complete association of
all nine Zn fingers of TFIIIA and close association of the
COOH-terminal transcription-activation domain with DNA.
Indeed, substantial histone-DNA interactions were detected in
the region of the binding site corresponding to fingers 7 to 9
(Fig. 3 and 4B). Moreover, the portion of the footprint contributed by the C-terminal domain of TFIIIA was not apparent
in the cleavage pattern of the ternary complex. Previously
reported contacts for Zn fingers 7 to 9 end abruptly at ⫹49 on
the top (noncoding) strand; however, the footprint of the fulllength protein extends to position ⫹42 on this strand, presumably due to additional protection afforded by the C-terminal
domain of TFIIIA (13). The pattern for the triple complex in
this region clearly represents only histone-DNA interactions,
suggesting that the C-terminal domain of TFIIIA is no longer
in close proximity to the nucleosomal DNA, perhaps due to the
continued bending of DNA around the histones in this region.

FIG. 7. TFIIIA binding does not disrupt interaction between 5S
DNA and the histone fold domain in H2A in the 5S nucleosome.
Nucleosomes were reconstituted with core histones including H2AA45C-APB, and then tail domains were removed from a portion of the
sample by trypsin proteolysis. (A and B) Binding of TFIIIA to native
(A) or tailless (B) 5S nucleosomes containing H2A-A45C-APB. Lanes
1 to 6, nucleosomes incubated with decreasing amounts of TFIIIA;
lane 7, nucleosomes incubated without TFIIIA. The gels were irradiated, and cross-linking was assessed. (C) Binding of TFIIIA does not
affect the efficiency of cross-linking between H2A-A45C-APB and 5S
nucleosomal DNA. Radiolabeled DNA from bands in the gel shown in
panel B was isolated and separated on an SDS–6% PAGE gel, and
cross-linked species were detected by phosphorimager. Lane 1, naked
5S DNA (panel B, lane 2); lane 7, DNA from nucleosomes incubated
in the absence of TFIIIA (panel B, lane 7); lanes 3 and 4, DNA from
nucleosomes remaining unbound or bound by TFIIIA (panel B, lane 4,
top and bottom bands, respectively).

We also note that binding of TFIIIA to the nucleosome does
not result in displacement of an H2A/H2B dimer (43), suggesting that DNA unwrapping does not occur past the dimertetramer junction near position ⫹30 in the 5S sequence. These
observations and results from the cross-linking experiments
support the notion that DNA in the ⫹45 to ⫹55 region is in
contact with histone proteins as well as fingers 7 to 9 of
TFIIIA.
It is possible that complete binding of TFIIIA and disruption
of the remaining histone-DNA interactions in the internal promoter require binding of the pol III factors TFIIIC and
TFIIIB. On naked DNA, the TFIIIA-DNA complex nucleates

Downloaded from http://mcb.asm.org/ on June 17, 2019 by guest

FIG. 6. Prior cross-linking between H2A-A12C-APB and 5S nucleosome DNA does not affect binding of TFIIIA. Tailless 5S nucleosomes containing H2A-A12C-APB were first irradiated, and then the
ability of TFIIIA to bind cross-linked nucleosomes was assessed.
(A) Preparative nucleoprotein gel. Lane 1, native 5S nucleosomes
(Nuc); lanes 2 to 7, tailless 5S nucleosomes containing APB-H2AA12C (T-Nuc) incubated with decreasing amounts of TFIIIA or without TFIIIA. (B) TFIIIA readily binds cross-linked nucleosomes.
Cross-linking within various species shown in panel A was assessed on
SDS–6% PAGE gels as in Fig. 5D. Lanes 1 and 2, cross-linking within
naked 5S DNA and native 5S nucleosomes lacking an APB modification (panel A, lanes 7 and 1, respectively). Lanes 3 and 4, cross-linked
species in the tailless 5S nucleosomes unbound or bound by TFIIIA
(panel A, lane 7 and lane 5 upper band, respectively).
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binding of transcription factors IIIC and IIIB to form a stable
preinitiation complex which includes contacts throughout the
5S gene and some extragenic sequences (22, 50). Binding of
TFIIIC stabilizes association of TFIIIA in a manner dependent
upon the COOH-terminal transcription activation domain (11,
47). While the TFIIIC-dependent stabilization apparently does
not change the TFIIIA-DNA footprint on naked DNA (11),
the subsequent association of TFIIIB to complete the preinitiation complex leads to a drastic increase in the extent of
protein interaction throughout the 5S gene (50). Future hydroxyl radical footprinting and cross-linking analyses involving
TFIIIC and TFIIIB will shed light on intermediates to preinitiation complex formation on chromatin templates.
The observation that acetylation or removal of the core
histone tail domains greatly stimulates TFIIIA binding to the

5S nucleosome (23, 43) correlates with the fact that transcriptionally active 5S genes are acetylated in vivo (19). Indeed, the
initial invasion of the nucleosome by TFIIIA may require this
modification; however, the basis of this stimulation remains
unclear. As mentioned above, acetylation results in only modest enhancements in the probability of DNA unwrapping from
the 5S nucleosome (6), consistent with results obtained with
nucleosomes assembled with other DNA sequences (31). Binding does not alter the stoichiometry of core histones within the
nucleosome or result in significant changes in the breadth of
histone-DNA interactions (2, 12, 43). It is interesting that
trypsin removes 11, 23, 26, and 17 or 19 amino acids from H2A,
H2B, H3, and H4 N termini, respectively (42). By comparison,
approximately 10, 26, 37, and 15 residues within each tail
project beyond the perimeter of the DNA superhelix in the
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FIG. 8. Model of the TFIIIA/5S DNA/core histone ternary complex. Stereoviews of the model show TFIIIA (green), DNA (black lines), and
the core histone octamer (yellow). Individual fingers are labeled. The bracket indicates the region of DNA unwrapped from the histone surface
upon TFIIIA binding. The arrow indicates the approximate position of the nucleosome dyad. The locations of the base of the H3 and H4 tail
domains nearest the TFIIIA binding site are indicated by gray arrows in the top and bottom views, respectively.
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nucleosome (11 and 9 for the H2A C terminus). Thus, while
acetylated lysines are removed by trypsin, the degree to which
tail removal mechanistically resembles acetylation vis-à-vis
stimulation of TFIIIA binding is not known. Finally, while it is
possible that acetylation or removal of the tails increases mobility of the nucleosome, our cross-linking studies suggested
that nucleosome mobilization is not required for TFIIIA binding (Fig. 6).
An alternative possibility is that the unmodified tails directly
interfere with TFIIIA binding. Our modeling study suggested
that TFIIIA is positioned such that its C-terminal domain is
oriented away from the core histone octamer, but in the vicinity of the core histone tail domains. Nonetheless, it is formally
possible that the C-terminal domain could make counterproductive interactions with some of the tail domains or otherwise
encounter steric interference from these domains, leading to a
drastic loss of the ability of TFIIIA to bind its site in the
nucleosome. Experiments are in progress to test the role of the
COOH-domain in restricting access of TFIIIA to the 5S nucleosome.
Utilizing the data reported here as well as previously reported results, we constructed a detailed model of the
TFIIIA/5S DNA/histone octamer ternary complex (Fig. 8).
The model provides a structural basis for understanding the
complex pattern associated with the transition zone between
the TFIIIA-like and nucleosome-like portions of the hydroxyl
radical footprint of the ternary complex. The hydroxyl radical
footprint for this region (⫹49 to ⫹59) exhibits elements of
both histone-DNA and TFIIIA-DNA interactions. Our model
shows that it is sterically possible for TFIIIA Zn fingers 7 to 9
to be in close proximity to the DNA helix in this region, while
the DNA itself is in near contact with the histone surface, thus
accounting for the complex hydroxyl radical cleavage pattern.
Note that while our model necessarily portrays fingers 7 to 9 in
full contact with the DNA (Fig. 4), it is possible that these
fingers are only partially engaged with DNA or in equilibrium
with a state in which the fingers are partially bound. Interestingly, as mentioned above, close apposition of the C-terminal
transcription activation domain and 5S DNA, evident in the
footprint of the TFIIIA/5S DNA complex, was not evident in
the ternary complex. Accordingly, our model suggests that this
domain projects away from the nucleosome in the ternary
complex, perhaps due to the curvature of the DNA in the ⫹42
to ⫹49 region. This exposure may actually facilitate the binding of TFIIIC to this domain, perhaps promoting further disruption of histone-DNA interactions on the pathway to formation of a complete preinitiation complex.
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