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ABSTRACT Extensive studies of the b-phaseolin (phas)
gene in transgenic tobacco have shown that it is highly active
during seed embryogenesis but is completely silent in leaf and
other vegetative tissues. In vivo footprinting revealed that the
lack of even basal transcriptional activity in vegetative tissues
is associated with the presence of a nucleosome that is
rotationally positioned with base pair precision over three
phased TATA boxes present in the phas promoter. Positioning
is sequence-dependent because an identical rotational setting
is obtained upon nucleosome reconstitution in vitro. A com-
parison of DNase I and dimethyl sulfate footprints in vivo and
in vitro strongly suggests that this repressive chromatin
architecture is remodeled concomitant with gene activation in
the developing seed. This leads to the disruption of histone-
mediated DNA wrapping and the assembly of the TATA boxes
into a transcriptionally competent nucleoprotein complex.

Chromatin structure is known to regulate expression from several
animal and yeast genes, and evidence that precisely positioned
nucleosomes serve as general repressors of transcription has been
obtained in vivo and in vitro (1–4). Precise positioning of nucleo-
somes on DNA is a complex process that can be governed by the
primary sequence (5, 6). Whereas most positioned nucleosomes
are remodeled before, or concurrent with, transcriptional activa-
tion, the nucleosome over the TATA region must be displaced to
permit formation of an initiation complex, possibly through ex-
change with TFIID (7, 8). Evidence supporting this exchange
includes recent biochemical and crystallographic evidence for a
histone octamer-like substructure in TFIID (9–11). Additionally,
the 10-bp repeat pattern of DNase I cleavage and protection in the
adenovirus major late promoter region, which is protected by
TFIID (12, 13), is similar to that obtained for nucleosomes (14)
and is indicative of DNA lying on the surface of a protein complex.

In plants, the rapid accumulation of storage proteins during
embryogenesis and seed development requires high transcrip-
tional and translational activity. In contrast, promoters for seed
storage protein genes are inactive in vegetative tissues. The spatial
regulation of the promoter for b-phaseolin (phas), one of eight
related genes encoding the major storage protein of bean (Phaseo-
lus vulgaris) seed, is exceptionally tight both in bean and in
transgenic tobacco (15–17). This is exemplified by the contrasting
results for nuclear run-on transcription and b-glucuronidase
(GUS) product accumulation shown in Fig. 1 for developing seeds
and leaf tissues of tobacco transgenic for a 21470phasyuidA
chimeric construct (17). The absolute constraint on expression
from phas in vegetative tissues was demonstrated previously in
tobacco transformed with phasyDT-A (diphtheria toxin A-chain)
constructs. Although a single molecule per cell of DT-A is lethal,

phenotypically normal plants were obtained (reflecting the com-
plete absence of DT-A expression) (18). Initial zygotic develop-
ment was normal, but embryos died on reaching the heart stage (5
to 10 days after pollination), consistent with activation of expres-
sion from the phas promoter. These differences in spatial expres-
sion could be attributed to the absence of suitable transcription
factors specific for the phas gene in vegetative tissues. However,
transient assays for GUS expression revealed substantial transcrip-
tional activity from identical phas promoter constructs fused to the
uidA reporter gene when introduced into leaf cells by bombard-
ment or electroporation, showing that nuclear factors capable of
interacting productively with phas promoter elements are present
in vegetative tissues (19). The dramatic difference in expression
from similar promoter constructs when stably integrated into the
genome or supplied as naked DNA strongly suggested the involve-
ment of chromatin as a major regulatory factor.

Here, we describe the use of both in vivo and in vitro
approaches to explore the possible involvement of chromatin
architecture in phas gene regulation. Our results show that a
nucleosome rotationally positioned over the TATA region of
the phas promoter is responsible for the absence of phas gene
expression in leaf tissue. This rotationally positioned nucleo-
some is, however, disrupted in transcriptionally active seed
tissues. Our data provide in vivo evidence that changes in the
architecture of the TATA region of the phas promoter during
transcriptional activation involve replacement of a histone
octamer by the nucleosome-like substructure within TFIID.
The possibility that phased TATA boxes serve as a rotational
signal for nucleosome positioning is also discussed.

MATERIALS AND METHODS
Histochemical GUS Staining. Leaves or embryos (dissected

from mid-maturation seeds) from tobacco transgenic for
21470phasyuidA (17) were incubated in Petri dishes with reac-
tion buffer (1.5 mM 5-bromo-4-chloro-3-indolyl-b-D-glucuro-
nidey1.5 mM potassium ferricyanidey1.5 mM potassium ferro-
cyanidey0.1 M NaPO4, pH 7.0y10 mM EDTAy0.2% Triton) at
37°C for 16 hr. Chlorophyll was removed by using ethanol.

Nuclei Isolation. Tissue was powdered in a mortar and pestle
by using liquid nitrogen, then treated with nuclei isolation
buffer NIB1 [0.5 M hexylene glycoly20 mM KCly20 mM Pipes,
pH 6.5y0.5 mM EDTAy0.4% Triton X-100y0.05 mM sperm-
iney0.125 mM spermidiney7 mM 2-mercaptoethanoly0.5 mM
phenylmethylsulfonyl f luoridey0.5% (volyvol) Aprotonin; Sig-
ma]. The extract was filtered sequentially through 500-, 250-,
80-, 45-, and 20-mm mesh sieves and loaded onto a 20–80%
Percoll (Sigma) step gradient. For leaves, chloroplasts re-
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mained in the top layer whereas for seeds, starch grains
pelleted through the 80% Percoll layer. Nuclei were removed
from the 20–80% Percoll interface, washed in NIB2 (NIB1
without Triton X-100), and stained with acridine orange for
analysis under a microscope. We have found that using Pipes,
pH 6.5, in place of Hepes, pH 7.4 (20), dramatically improved
the quality of the nuclei and routinely yielded 4 3 107 nuclei
from 5 g of leaf tissue and 5 3 107 nuclei from 4 g of immature
seeds (obtained from 40 seed pods).

Nuclei Run-On Transcription Assay. Run-on transcription
was performed essentially as described (21). Slot blots were
prepared by using 0.45-mM nitrocellulose membranes (Schlei-
cher & Schuell) containing 1 mg of linearized plasmid DNA.
After hybridization, the filters were washed (final stringency,
0.13 SSC, 65°C) and analyzed on a FUJIX BAS 2000 Bio-
Imaging Analyzer (FUJIX, Tokyo).

Ligation-Mediated PCR (LMPCR). LMPCR was done ac-
cording to Mueller and Wold (22) with the following modifi-
cation. After ligation of the linker and ethanol precipitation,
DNA was dissolved in 85 ml of H2O. Subsequently, 10 ml of 103
PCR buffer (10 mM TriszHCl, pH 8.0y50 mM KCly1.5 mM
MgCl2y0.01% gelatiny2 mM of each dNTP and 0.1% Triton
X-100), 20 pmol of gene-specific primer P2, 20 pmol of linker
primer, and 2.5 units of Taq polymerase were added. Samples
were overlaid with 70 ml of mineral oil and amplified by 20
cycles of PCR. Primer extension was done by using Taq
polymerase and g-32P-radiolabeled gene-specific primer 3.
After precipitation, the DNA was dissolved in 20 ml loading
buffer and nick sites were visualized by denaturing gel elec-
trophoresis of 2- to 5-ml samples and analyzed on a FUJIX
BAS 2000 Bio-Imaging Analyzer. The following sets of primers
were used for LMPCR: (i) top strand, set 1, 59-ACAGGACG-
TAACATAAGGGACTGAC-39, 59-GGACTGACCGTAC-
CCACTCTGGATG-39, and 59-CGTACCCACTCTGGATG-
GATGGATGATG-39; set 2, 59-GCCCGGCTTTCTTGTA-
ACGC-39, 59-TTCCACAGTTTTCGCGATCCAGAC-39,
and 59-CCACAGTTTTCGCGATCCAGACTGAATGC-39;
(ii) bottom strand, 59-CTCTTCCGCCACCTCAATTTC-39,
59-CTTCACTTCAACACACGTCAACCTGC-39, and 59-
CAACACACGTCAACCTGCATATGCGTGTC-39. All
primers were gel-purified before use in LMPCR.

Nucleosome Reconstitution. The phas promoter, from po-
sition 21471 to 1112, was cloned into pBluescript II (Strat-
agene). The fragment of interest was prepared by cleavage of

the plasmid with AflIII at position 2112, and with XbaI at
1141 downstream from the 11 start site. Core histones were
purified from chicken erythrocytes (23). Histone H1 was not
present in the reconstitution reaction. These purified core
histones were used together with DNA to reconstitute nucleo-
some cores by salt dialysis (24). Nucleosome cores reconsti-
tuted in this way were used for the mapping of translational
positioning of histone–DNA contacts, i.e., where the histone
octamer begins and ends association with a DNA sequence.
This procedure is necessary because a pure population of DNA
fragments is required to carry out the end-labeling step needed
to determine fragment size (25). All other nucleosome core
reconstitution experiments used the exchange procedure (26)
where 0.5 mg of DNA was resuspended in 10 ml of TE, plus 10
mM 2-mercaptoethanol, 1 M NaCl, and 2.4 mg nucleosome
cores. This was incubated at room temperature for 30 min,
after which 5 ml TE was added at 15-min intervals for four
additions. Fifteen minutes after the fourth addition, 170 ml of
TE was added to complete the exchange.

TATA-Binding Protein (TBP), TFIIA, and TFIID Produc-
tion and Purification. Saccharomyces cerevisiae TBP and
TFIIA (large and small subunits) were expressed in Esche-
richia coli and purified as described in detail by Godde et al.
(27). TFIID was purified (28) by using FLAG epitope-tagged
TBP from the HeLa-derived cell line 3–10. The functionality
of TFIID in transcription experiments was demonstrated by
complementation in transcription reactions using other puri-
fied basal transcription factors (29).

TFIID-Binding Assay. The AflIII-XbaI fragment of the phas
promoter construct in pBluescript II was end-labeled at the
AflIII site by cleavage with AflIII, followed by the addition of
DNA polymerase I (pol I) Klenow fragment and radiolabeled
dNTPs. Finally, after cleavage with XbaI, the fragment was
purified on an acrylamide gel (30). The labeled AflIII-XbaI
fragment (50 ng) was mixed with purified TFIID in binding
buffer (50 mM Hepes-NaOH, pH7.9y8% glyceroly4 mM
MgCl2y60 mM KCly5 mM DTTy0.2 mM EDTAy0.05% Non-
idet P-40) (28), and, after equilibration at room temperature
for 30 min, the complex was cleaved by hydroxyl radicals
generated by the Fenton reaction (31) and the products were
separated on a 6% denaturing gel.

RESULTS AND DISCUSSION
A Nucleosome Is Rotationally Positioned on the TATA

Region of the Inactive but Not the Active phas Promoter.
DNase I mapping in vivo of both the top (Fig. 2A, lanes 5 and
6) and bottom (data not shown) strands of the TATA region
of the transcriptionally inactive phas promoter in leaf tissue
revealed a 10-bp repeat pattern of cleavage sites interspersed
with protected bases. The cuts on the two strands are staggered
by 2–4 bp, characteristic for a DNA double helix wrapped
around a protein surface. The 10-bp repeat extends for more
than 140 bp, suggesting that a nucleosome is positioned over
the TATA box and initiator regions of the inactive phas
promoter. Although the pattern for in vivo DNase I footprint-
ing of the phas promoter in seed nuclei (Fig. 2A, lanes 1 and
2) reveals a 10-bp repeat, the profile is different from that in
leaf tissue. First, cutting at hypersensitive sites in the phas
initiator region in seed nuclei is stronger than that in leaf
nuclei. Second, the accessibility of adjacent nucleotides to
cleavage appears to be much greater in seed than in leaf nuclei.
An important third difference is the extent of the 10-bp
cleavage repeat, which is from 211 to 150 in seed tissue but
from 293 to 170 in leaf tissue (Fig. 2). We suggest that precise
chromatin structures are remodeled concomitant with tissue-
specific gene activation. Additional evidence supporting our
belief that the nucleosome is displaced on transcriptional
activation is provided by DNase I and DMS footprinting seen
in vivo at the three TATA boxes, the TTTCATCAT initiation
site, and sites downstream of the transcription start site in seed

FIG. 1. The phas promoter drives expression in seed embryo but
not in leaf tissue. (A) Transcriptional activity detected by run-on
analysis using nuclei from mid-maturation embryos or leaves from a
tobacco plant containing a single copy of 21470phasyuidA. Labeled
run-on RNA was hybridized to a slot blot containing plasmid DNA
encoding GUS or 18S ribosomal RNA. (B) Histochemical staining of
a representative seed embryo and a leaf from the plant used in A. Blue
color reveals accumulated GUS protein.
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tissues (Figs. 2 and 3). Factor binding to regions upstream of
the TATA boxes in the transcriptionally active phas promoter
differs from that for the inactive promoter. In vegetative tissue,
over the 146-bp region where a nucleosome appears to be
positioned, no obvious footprints were detected. Although
there are some regions of hypersensitivity on the top strand
that may be indicative of protein interaction (Fig. 3A), the
almost identical footprinting pattern between naked DNA and
leaf tissues on the bottom strand (Fig. 3B) does not support the
existence of tight factor binding. Nevertheless, the lack of
footprints in the DMS analysis of the bottom strand does not
rule out the possibility of loose binding by nonhistone proteins
because some hypersensitive sites (near 262, 281, and 293,
Fig. 2B), and a protected site (241, Fig. 2B), were detected for
DNase I footprinting in vivo. Nevertheless, these observations
may reflect variations in DNase I cleavage (32). In contrast, in
seed tissue, an array of transcription factors clearly interacts
with the region upstream of the TATA boxes. This is shown by
the footprinting pattern over the CCAAAT box, the RY

repeats, and the GAGA element (Fig. 3), which is similar to the
profile obtained by DNase I footprinting in vivo (Fig. 2B).

Nucleosome Positioning on the TATA Region of the phas
Promoter Is Sequence-Dependent. Nucleosomes were reconsti-
tuted in vitro on the phas proximal promoter region to test the
structural consequence of histone association and to determine
whether the primary sequence of the phas gene governed the
observed rotational positioning. When these nucleosomes were
subjected to DNase I treatment, we obtained a profile of pro-
tection identical to that seen in vivo for leaf tissue: compare leaf
lanes in Fig. 2 and DNase I data in Fig. 4 A and C. Hydroxyl
radical cleavage confirms the wrapping of DNA around the
histone octamer (Fig. 4 B and C). These results establish that
positioning is dictated by the intrinsic sequence of the phas
promoter. Although we have not yet determined the minimum
sequence conferring the rotational position of the nucleosome,
the region containing three phased TATA boxes is an attractive
candidate. This notion is supported by computer analysis of the
phas promoter sequence using a modified treatment of the
program CURVATURE (33), which predicts the presence of sub-

FIG. 2. DNase I footprinting in vivo of the top strand of the phas
promoter proximal region. Nuclei were isolated from seed or leaf
tissue and treated with various levels of DNase I. DNA was then
extracted and subjected to LMPCR. (A) DNase I footprinting of the
170 to 241 phas promoter region from seed nuclei (lanes 1 and 2) and
leaf nuclei (lanes 5 and 6) with naked DNA as a reference (lanes 3 and
4), using primers annealed to the 190 region. The DNase I concen-
trations used were: lane 1, 6 units; lane 2, 12 units; lane 3, 1 unit; lane
4, 2 units; lane 5, 6 units; lane 6, 12 units. (B) DNase I footprinting of
the 121 to 293 region of the phas promoter in seed nuclei (lanes 1 and
2) and leaf nuclei (lanes 5 and 6) with naked DNA as a control (lanes
3 and 4), using primers annealed to the 145 region. DNase I
concentrations used were as in A. For both A and B, open arrows show
DNase I sensitivity at intervals of 10 bp, a pattern characteristic of
DNA wrapped around a nucleosome or TFIID. Base positions are
numbered relative to the transcription start site, and potentially
important cis-elements are labeled.

FIG. 3. DMS footprinting in vivo reveals factor binding to the active
but not the inactive phas proximal promoter. Intact seeds or leaves of
tobacco transformed with phas-uidA were treated with DMS. DNA
was extracted and treated with piperidine (DMS and piperidine-
treated genomic DNA was used as a control), and LMPCR analysis of
the indicated regions of the phas promoter (relative to the transcrip-
tion start site) was conducted by using appropriate primers. (A) Top
strand. (B) Bottom strand. Consensus cis-element sites are indicated
together with protected residues (open circles) and hypersensitive
residues (solid circles).
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stantial curvature in the TATA region, and by a recent evaluation
of mouse genomic nucleosome-positioning sequences that has
revealed that phased TATA boxes are among the strongest
nucleosome-positioning signal yet characterized (34). Because
chicken erythrocyte histone octamers were used for the in vitro
nucleosome reconstitution experiments, another important im-
plication of our results is that the mechanism of DNA–histone
octamer interaction is highly conserved between plants and
animals, probably reflecting the similarity of their H3 and H4
components (35).

The Rotationally Positioned Nucleosome Prevents Binding
of TBP in Vitro. Each of the three TATA elements in the phas

promoter is protected from DNase I cleavage in vivo by its
orientation toward the surface of the histone core (Fig. 2);
thus, the TATA boxes should be inaccessible to TBP. For
nucleosome-free DNA, TBP bound in vitro to all three TATA
boxes upstream of the phas promoter transcription start site
(Fig. 4D), although binding to the TATA element closest to the
transcription start site was at relatively low affinity. Another
TATA element (TATAATA) exists downstream (137 to 143)
of the transcription start site. The function, if any, of this
element is not clear, but it does not contribute to rotational
positioning of the nucleosome because this is maintained on
phas promoter elements lacking this region (data not shown).

FIG. 4. Nucleosome reconstituted in vitro on a proximal fragment of the phas promoter and its effect on TBP binding. (A) DNase I footprinting
of the bottom strand. For DNase I footprinting, the AflIII-XbaI fragment (2112 to 1141) from the phas promoter in pBluescript II was reconstituted
into nucleosomes and then treated with DNase I (1.5 units). After digestion, the nucleosome-bound fraction was separated by electrophoresis
through a 0.7% agarose gel. The relevant band was electroeluted and run on a 6% denaturing acrylamide gel. (B) Hydroxyl radical footprinting
of the bottom strand. Nucleosome reconstitution was as in A. For hydroxyl radical footprinting, cleavage was carried out by the generation of radicals
through the Fenton reaction. Subsequent steps were as for DNase I footprinting. (C) DNase I and hydroxyl radical footprinting of the top strand
of the phas proximal promoter. Footprinting was carried out as in A and B. (D) Incorporation of the phas promoter into a nucleosome prevents
the binding of TBP. Equimolar amounts (400 nm) of TBP and TFIIA were added either to naked DNA (lane 3), or to reconstituted nucleosomes
(lane 5), and binding was assessed by DNase I footprinting. For A–D, base positions are shown relative to the transcription start site. The phas TATA
boxes, shown as brackets I to IV, are positioned at 241 to 235 (TATAATA), 232 to 225 (TATAAATA), 220 to 215 (TAATAT), and 137 to
143 (TATAATA).
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In contrast to the binding of TBP to naked DNA, when the
phas promoter fragment is incorporated into a nucleosome, no
binding of TBP was detected for any of the four TATA
elements (Fig. 4D). Earlier observations have shown that the
incorporation of a TATA element into a nucleosome can
prevent TBP binding even when the TATA element faces away
from the histone core (27, 36). In the case of the phas
promoter, the orientation of the TATA elements upstream of
the phas promoter transcription start site toward the histone
octamer presumably makes them totally inaccessible to TBP,
in agreement with the absence of transcription from this
promoter in vegetative tissues.

Translational Positioning May Contribute to the Rigorous
Regulation of phas Expression. Variation in helical periodicity as
revealed by hydroxyl radical cleavage (Fig. 4 B and C) suggested
that the dyad region of the nucleosome approximates to the start
site of transcription (37, 38). This translational positioning of the
histone octamer was confirmed by micrococcal nuclease cleavage
digestion followed by restriction endonuclease cleavage. As
shown in Fig. 5, there are two preferred translational positions.
One covers positions 274 to 172, and the other protects from
293 to 156. In either of these two positions, the TATA boxes, as
well as the transcription start site, are protected by the nucleo-
some. These translational positions, if maintained in vivo, will also
contribute to the complete lack of expression of the phas pro-
moter in leaf tissues.

The Rotationally Positioned Nucleosome Is Replaced by TFIID
During Transcription Activation. Three major alternatives exist
for the observed differences in chromatin status between leaf and
seed tissues: that the nucleosome present in transcriptionally
inactive leaf tissues is remodeled (38–40), that it is shifted (41)
(e.g., by sliding) to permit access by polymerase, or that it is
completely displaced. Modification of nucleosomes on the Xe-
nopus 5S RNA gene promoter by H2A and H2B removal or
acetylation of the core histone tails does not significantly change
the extent of protection from DNase I cleavage for a positioned
nucleosome (38, 42), which is strikingly different from the short-
ening seen during transcriptional activation of the phas promoter
(Fig. 2). Similarly, sliding of the nucleosome is an unsatisfactory
explanation because it would not shorten the DNase I footprint.
An alternative explanation for the short DNase I footprint on the
phas promoter in seed nuclei (60 bp; Fig. 2A, 211 to 150) is that
it represents the phas TATA region wrapped around the histone
octamer-like substructure of TFIID (9–11). In vitro binding of
purified TFIID to the phas promoter (Fig. 6) demonstrates that
a modulated hydroxyl radical cleavage is obtained consistent with
the DMS footprinting data. These observations are in accord with
the findings for various promoters (12, 13, 43, 44) that purified
TFIID makes contact at TATA boxes, the initiation site, and sites
downstream of the transcription start site. Such binding of TBP
to these sites would preclude binding of a nucleosome (27, 45).
Our results are similar to the short 10-bp profile for DNase I
footprints seen for the Ad2ML promoter when bound by TFIID
(12, 13) and suggest that the histone octamer is displaced and
replaced by TFIID.

The results shown here, using a combination of in vivo and in
vitro approaches, reveal that the proximal region of the phas
promoter can rotationally position a nucleosome over sequences
that include three phased TATA motifs and the transcription
initiator. The chromatin structure endowed by this precise posi-
tioning probably is responsible for correct regulation of phas gene
expression and may be crucial for the complete lack of expression
in vegetative tissues. Indeed, a nucleosome located in the vicinity
of the RNA start site has been shown to completely inhibit TBP
binding to the adenovirus major late promoter and to block RNA
polymerase II transcription in vitro from the Drosophila Krüppel
promoter (36, 46). The well studied promoters of mouse MMTV,
yeast PHO5, and Xenopus 5S RNA genes each have a nucleosome
positioned over the transcription start site that has been impli-
cated in regulating expression (37, 47–49). A crucial function of

the a2 repressor in silencing the yeast chromosomal a-mating
type-specific gene in vivo is to cause a nucleosome to be posi-
tioned over the TATA box (50). Thus, it appears that repression

FIG. 5. Translational mapping of the nucleosome on the phas
promoter. The AflIII-XbaI fragment (2112 to 1141) from the phas
promoter in pBluescript II was reconstituted into nucleosome. The
resultant nucleosomal complex was treated with micrococcal nuclease
(0.07 units), and the kinase-labeled products were loaded onto a 6%
native polyacrylamide gel. The relevant band was excised and eluted.
The DNA was then extracted with phenol and cleaved with either FokI
or ScaI, and the products were separated on a 6% denaturing gel. (A)
Two major translational settings were revealed. The FokI (lanes 2 and
3) or ScaI (lanes 4 and 5) fragment positions are denoted by a rectangle
(for the 274y172 setting) or an oval (for the 293y156 setting). Lane
1 is a marker (M) lane containing MspI-digested pBR322. (B) Diagram
of the two major translational positions. Solid rectangles denote
TATA boxes. Restriction enzyme sites: F, FokI; S, ScaI.
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of basal transcription by situating a nucleosome over the TATA
region is a mechanism employed by many promoters. The phas
example is unique in that the rotational placement of the nu-
cleosome protects a series of three phased TATA motifs and the
transcription start site. This makes it an ideal system to study the
exchange between the nucleosome and TFIID during the archi-
tectural transition from an inactive domain to an active transcrip-
tional complex.
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FIG. 6. Hydroxyl radical footprinting of the complex of TFIID with
the phas promoter. Lane 1, G ladder with positions shown relative to
the transcription start site; lane 2, cleavage of the phas fragment in a
reconstituted nucleosome; lanes 3 and 4, cleavage of the fragment
bound by 200 ng or 300 ng of TFIID, respectively.
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