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TATA binding protein (TBP) and transcription factor IIB (TFIIB) are key factors for the assembly of eukaryotic transcrip-
tion initiation complexes. We used a rice whole-cell extract in vitro transcription system to characterize the functional
interactions of recombinant plant TBP and TFIIB. Bacterially expressed rice TBP (OsTBP2) bound to the TATA box of
the rice 

 

pal

 

 gene encoding phenylalanine ammonia-lyase, caused DNA bending, and enhanced basal transcription from
the 

 

pal

 

 promoter in a TATA box–dependent manner. Recombinant rice TFIIB (OsTFIIB) stimulated the DNA binding and
bending activities of OsTBP2 and synergistically enhanced OsTBP2-mediated transcription from the 

 

pal

 

 promoter and
the promoter of 

 

Rice tungro bacilliform virus

 

 but not from the barley 

 

pr1

 

 promoter. We also demonstrate a physical in-
teraction between OsTBP2 and RF2a, a rice bZIP transcription factor that bound to the box II 

 

cis

 

 element of the pro-
moter of 

 

Rice tungro bacilliform virus

 

, resulting in enhanced transcription from the viral promoter. Enhancement of rice
whole-cell extracts with recombinant transcription factors thus provides a powerful tool for the in vitro determination
of plant gene regulation mechanisms. We conclude that OsTBP2 undergoes promoter-specific functional interactions
with both the basal transcription factor OsTFIIB and the accessory transcription factor RF2a.

INTRODUCTION

 

Selective expression of sets of functionally related genes
governs plant development, cellular differentiation, and re-
sponses to environmental stimuli (Brunelle and Chua, 1993).
In other eukaryotes, the in vitro assembly of the transcrip-
tion complex is initiated by the interaction between the
TATA binding protein (TBP), which is the central component
of transcription factor IIB (TFIIB), and the TATA box. This is
followed by TFIIB binding to the TBP promoter complex to
give a more stable ternary complex, which acts as the scaf-
fold for RNA polymerase II and accessory factors (Nikolov et
al., 1995; Orphanides et al., 1996; Tansey and Herr, 1997).
However, although the plant RNA polymerase II transcrip-
tion machinery appears to be very similar to that in other eu-
karyotes, little is known about the functional interactions
underlying the selective transcription of plant genes and the

mechanisms by which sequence-specific 

 

trans

 

 factors regu-
late the basal transcription machinery.

Analysis of RNA polymerase II–mediated transcription ini-
tiation in vitro is a powerful approach for the functional anal-
ysis of the transcription machinery and its regulation by
specific 

 

cis

 

 element–

 

trans

 

 factor interactions (Zhu, 1996;
Sugiura, 1997). Efficient in vitro transcription by rice whole-
cell or tobacco nuclear extracts giving authentic initiation
from the in vivo start site was reported recently (Fan and
Sugiura, 1995; Zhu et al., 1995a). The rice whole-cell extract
supports approximately four cycles of transcription (Zhu et al.,
1995a), which is comparable to the performance of systems
derived from yeast, 

 

Drosophila

 

, and HeLa cells (Kadonaga,
1990). Transcription from the promoter of a rice phenylala-
nine ammonia-lyase (

 

pal

 

) gene by the rice whole-cell extract
was TATA box dependent (Zhu et al., 1995b). Using this in
vitro transcription system, it was demonstrated that the 

 

pal

 

initiator sequence was required for the selection of the tran-
scription start site and that the spacing between the TATA
box and the initiator was critical for their functional interac-
tion (Zhu et al., 1995b). Moreover, the rice bZIP protein
RF2a, which binds to the box II 

 

cis

 

 element of the promoter
of 

 

Rice tungro bacilliform virus

 

 (RTBV), stimulates RTBV
transcription by the rice whole-cell extract in a box II–depen-
dent fashion (Yin et al., 1997), demonstrating the potential
utility of this system in the study of functional interactions

 

1

 

Current address: Central Research and Development, DuPont
Company, P.O. Box 80402, Wilmington, DE 19880.

 

2

 

Current address: Donald Danforth Plant Science Center, 975 North
Warson Road, St. Louis, MO 63132.

 

3

 

To whom correspondence should be addressed. E-mail chris.lamb
@bbsrc.ac.uk; fax 44-1603-456844.
Article, publication date, and citation information can be found at
www.plantcell.org/cgi/doi/10.1105/tpc.010364.



 

796 The Plant Cell

 

between specific 

 

cis

 

 elements and their cognate 

 

trans

 

 fac-
tors.

In aggregate, these studies indicate that the rice whole-
cell extract provides the basis for a convenient and reliable
homologous in vitro transcription system for the determina-
tion of the molecular mechanisms underlying selective gene
expression in plants. To reconstitute a more defined system,
we cloned cDNAs encoding rice TBP and TFIIB and used
the recombinant proteins to stimulate transcription by the
rice whole-cell extract. Using this enhanced plant in vitro
transcription system, we demonstrate that rice TBP under-
goes promoter-specific functional interactions with both the
basal transcription factor TFIIB and the accessory transcrip-
tion factor RF2a.

 

RESULTS

Rice cDNAs Encoding TBP and TFIIB

 

Two partially degenerate oligonucleotides, TBP-F and TBP-R,
corresponding to conserved regions of plant TBPs, were
used for polymerase chain reaction (PCR) amplification of rice
TBP sequences. The PCR products were obtained with nu-
cleotide sequences homologous with other plant TBP genes,
and one of these amplicons, OsTBP, was used to probe a

 

�

 

ZAPII rice cDNA library. Nine positive clones correspond-
ing to two different TBP genes, designated OsTBP1 and
OsTBP2, were identified. The OsTBP2 cDNA contains 5

 

�

 

 and
3

 

�

 

 untranslated sequences of 170 and 301 bp, respectively,
flanking an open reading frame of 609 bp encoding a 203–
amino acid polypeptide of 22 kD, with 

 

�

 

90% identity to the
TBPs from other plant species (Gasch et al., 1990; Haas and

Feix, 1992; Hawata et al., 1992; Holdsworth et al., 1992; Apsit
et al., 1993; Vogel et al., 1993). The deduced amino acid se-
quences of OsTBP1 and OsTBP2 are 

 

�

 

95% identical, and
OsTBP2 was selected for further study.

Similarly, two partially degenerate oligonucleotides,
TFIIB-F and TFIIB-R, were used for PCR amplification of rice
TFIIB sequences. One PCR product, which showed high ho-
mology with TFIIB genes from other plants, was used to
screen the 

 

�

 

ZAPII cDNA library, and three positive plaques
were purified that corresponded to a single rice TFIIB gene,
designated OsTFIIB. The coding region of OsTFIIB was 936
bp and encoded a 312–amino acid polypeptide of 24 kD.
The deduced amino acid sequence of OsTFIIB showed

 

�

 

78% identity to TFIIB from soybean and Arabidopsis
(Baldwin and Gurley, 1996) and 

 

�

 

46% identity to yeast and
human TFIIB (Ha et al., 1991; Pinto et al., 1992). The OsTFIIB
cDNA contains 5

 

�

 

 and 3

 

�

 

 untranslated sequences of 82 and
182 bp, respectively.

 

Expression of OsTBP2 and OsTFIIB in 

 

Escherichia coli

 

Constructs pET-OsTBP2 and pET-OsTFIIB were made to
generate recombinant proteins with N-terminal S tags and
C-terminal His

 

6

 

 tags. The recombinant tagged proteins were
expressed in 

 

E. coli

 

 BL21 (DE3) cells and purified by Ni and
S protein affinity chromatography before treatment with bio-
tinylated thrombin to excise the S tag. The purified OsTBP2
and OsTFIIB proteins contained six His residues at their C
termini and two additional amino acid residues (Gly-Ser) at
their N termini. Gel electrophoresis indicated molecular
masses of 23 kD for OsTBP2 and 35 kD for OsTFIIB (Figure
1), in agreement with their respective deduced molecular
masses. Moreover, no other proteins were detected by

Figure 1. Expression of OsTBP2 and OsTFIIB in E. coli.

(A) OsTBP2.
(B) OsTFIIB.
Lane 1, Ni affinity-purified fraction; lanes 2 to 4, sequential washes from the S-protein affinity matrix; lane 5, recombinant protein after excision
of the S tag. Lane M, Molecular mass markers.
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Coomassie blue staining after gel electrophoresis of the af-
finity-purified fractions.

 

Physical Interaction of OsTBP2 and OsTFIIB with the 

 

pal

 

 
TATA Box

 

The DNA binding and bending activities of OsTBP2 and Os-
TFIIB were analyzed by gel retardation assays of complexes
formed with 390-bp EcoRI, BamHI, and EcoRV fragments of
pCY4-TA containing the rice 

 

pal

 

 TATA region. The TATA box
is positioned in the center of the EcoRV fragment such that
any DNA bending activity resulting from factor binding to the
TATA region would decrease the migration of the DNA-pro-
tein complex compared with equivalent binding complexes
with the same-size EcoRI and BamHI fragments in which
the TATA box is located peripherally. Affinity-purified re-
combinant OsTBP2 exhibited weak binding to the TATA box
region of the 

 

pal

 

 promoter, in agreement with the findings of
Gasch et al. (1990). The binding complexes with the EcoRV
fragment migrated more slowly than the complexes with the
EcoRI or BamHI fragment (Figure 2), indicating that this weak
binding nonetheless caused some DNA bending. In parallel
gel retardation assays, affinity-purified recombinant OsTFIIB
exhibited no binding to the 

 

pal

 

 TATA box (data not shown).
However, when added together with OsTBP2, OsTFIIB
markedly stimulated not only TATA binding but also DNA
bending, as judged by the marked gel retardation of the ter-
nary binding complex formed with the EcoRV fragment
compared with the migration of the equivalent complexes
formed with the EcoRI or BamHI fragments (Figure 2).

 

OsTBP2 Stimulation of 

 

pal

 

 Transcription

 

To study the functional activity of OsTBP2, we used a ho-
mologous in vitro system that accurately initiates transcrip-
tion from a template containing 

 

pal

 

 promoter sequences
from 

 

�

 

81 to 

 

�

 

45 fused with the 

 

uidA

 

 reporter gene encod-
ing 

 

�

 

-glucuronidase (Zhu et al., 1995a). Affinity-purified
recombinant OsTBP2 markedly enhanced the accurate tran-
scription of the 

 

pal

 

 promoter template by rice whole-cell ex-
tracts in a dose-dependent manner (Figure 3A; see also
Figure 5A). In contrast, OsTBP2 failed to stimulate transcrip-
tion from the 

 

pal

 

 81m-1 promoter template, in which the 7-bp
TATA element TATTTAA, extending from 

 

�

 

34 to 

 

�

 

28, was
substituted by the sequence GCGGGTT (Figure 3A), indicat-
ing that OsTBP2 stimulation of 

 

pal

 

 transcription was TATA
box dependent. As reported previously for tobacco nuclear
extracts (Iwataki et al., 1997), the transcriptional activity of
rice whole-cell extracts is heat labile (Figure 3B). The addi-
tion of recombinant OsTBP2 to rice whole-cell extracts inac-
tivated by incubation at 46

 

�

 

C for 15 min completely restored
accurate transcription initiation; hence, TBP appears to be a
labile, rate-limiting factor for transcription by rice whole-cell
extracts.

 

Synergistic Activity of OsTBP2 and OsTFIIB

 

Because OsTFIIB promoted OsTBP2 binding to the 

 

pal

 

TATA box and DNA bending activity, we next examined
whether OsTFIIB modulated the functional activity of TBP.
The addition of affinity-purified recombinant OsTFIIB to the
rice whole-cell extract stimulated 

 

pal

 

 transcription up to
fourfold (Figure 4), and the enhancement occurred in a
dose-dependent manner (Figure 5B). TFIIBs are Zn-finger
transcription factors (Baldwin and Gurley, 1996). However,
the addition of Zn

 

2

 

�

 

 had no further effect on OsTFIIB-medi-
ated transcription by the rice whole-cell extract, indicating
that the trace amounts of Zn

 

2

 

�

 

 in the reaction system were
sufficient for the function of OsTFIIB. In contrast, the simul-
taneous addition of recombinant OsTFIIB with recombinant
OsTBP2 resulted in a marked further enhancement of 

 

pal

 

transcription. Thus, the addition of nearly saturating amounts
(100 ng) of both OsTBP2 and OsTFIIB resulted in a 24-fold
stimulation of 

 

pal

 

 transcription compared with the basal

Figure 2. DNA Binding and Bending Activities of OsTBP2 and
OsTFIIB.

(A) Structure of DNA fragments generated from pCY4-TATA. The
black region denotes the location of the pal TATA box.
(B) Gel retardation assay of the effect of OsTFIIB on the binding
complexes formed between OsTBP2 and the pCY4-TATA fragments
containing the pal promoter TATA box in the center (EcoRV) or at ei-
ther terminus (BamHI and EcoRI). Recombinant protein (50 ng) was
used as indicated. The reaction products were separated by electro-
phoresis on a 5% polyacrylamide gel in Tris-Gly buffer.
C, center; L, left, R, right.
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rate observed with the unenhanced rice whole-cell extract
(Figure 5).

This response was substantially greater than the sum of
the effects of the two factors tested separately. Similar syn-
ergistic interactions between OsTBP2 and OsTFIIB also
were observed with nonsaturating levels of the recombinant
factors (Figure 5C). Moreover, strong functional interactions

between OsTBP2 and OsTFIIB were observed with the 

 

pal

 

promoter 5

 

�

 

 truncated to 

 

�

 

35 as a template. With this mini-
mal promoter, which contains the TATA box but no upstream

 

pal

 

 promoter sequences, the addition of either OsTBP2 or
OsTFIIB alone stimulated transcription by the rice whole-cell
extract 

 

�

 

3-fold, whereas the simultaneous addition of both
factors resulted in a 

 

�

 

10-fold enhancement (Figure 3C).
Stronger transcription from the 

 

�

 

81 promoter compared
with the minimal 

 

pal

 

 promoter presumably reflects the activ-
ities of 

 

cis

 

 elements upstream of 

 

�

 

35 and associated 

 

trans

 

factors in the whole-cell extract.

 

Selective Promoter Activation by OsTFIIB

 

To study the functional activities of OsTBP2 and OsTFIIB in
different settings, we examined the effects of the recombi-
nant factors on the in vitro transcription of the RTBV (Yin
and Beachy, 1995) and barley 

 

pr1

 

 (Mouradov et al., 1994)
promoters. Previous work established that the rice whole-
cell extract accurately initiates transcription from the RTBV
promoter (Yin et al., 1997). Separate addition of OsTBP2
and OsTFIIB stimulated transcription from this promoter
4.8- and 4.2-fold, respectively, whereas simultaneous addi-
tion of the two factors stimulated transcription 18-fold (Fig-
ure 6). Thus, as with the 

 

pal

 

 promoter, OsTBP2 and OsTFIIB
interact functionally to give a synergistic enhancement of
transcription from the viral promoter. In contrast, there was
no functional interaction between OsTBP2 and OsTFIIB
when the barley 

 

pr1

 

 promoter was used as a template. Rice
whole-cell extracts initiate transcription more efficiently from
the 

 

pr1

 

 promoter than from the 

 

pal

 

 or RTBV promoters. Al-
though the addition of OsTBP2 stimulated transcription by
more than threefold, recombinant OsTFIIB had no enhance-
ment effect on 

 

pr1

 

 transcription by the rice whole-cell ex-
tracts either when added alone or when added together with
OsTBP2 (Figure 6).

 

OsTBP2–RF2a Interactions in RTBV Transcription

 

The observation that functional interactions between
OsTBP2 and OsTFIIB were promoter specific prompted us
to examine whether OsTBP2 also interacted functionally
with a promoter-selective accessory transcription factor. To
address this question, we monitored the effects of RF2a on
OsTBP2 stimulation of transcription from the RTBV pro-
moter. We reported previously that recombinant RF2a stim-
ulates RTBV in vitro transcription in a box II–dependent
manner (Yin et al., 1997). However, when the rice whole-cell
extract was supplemented with both recombinant OsTBP2
and RF2a, there was a synergistic stimulation of RTBV tran-
scription compared with the effects of either factor alone
(Figure 7A). In contrast, there was no synergistic or even ad-
ditive interaction between RF2a and OsTFIIB, with RTBV
transcription remaining at approximately the level observed

Figure 3. OsTBP2 Stimulation of pal Transcription by Rice Whole-
Cell Extracts.

(A) OsTBP2 stimulation of pal transcription depends on the TATA el-
ement.
(B) The transcriptional activity of a heat-inactivated rice whole-cell
extract was restored by the addition of OsTBP2.
(C) OsTBP2 stimulation of transcription from the minimal pal pro-
moter 5� truncated to �35.



 

Plant TBP Functional Interactions 799

 

with either factor alone. When the rice whole-cell extract
was supplemented with recombinant OsTBP2, OsTFIIB, and
RF2a together, the stimulation was approximately the same
as that observed with just OsTBP and RF2a together, and
there was no further effect of OsTFIIB on the transcription of
the RTBV promoter (data not shown).

The synergistic functional interaction between OsTBP2
and RF2a in the initiation of transcription from the RTBV
promoter apparently was accompanied by a direct physical
interaction. Thus, in gel retardation assays, OsTBP2 did not
bind to a small fragment of the RTBV promoter containing
the box II 

 

cis

 

 element, but OsTBP2 further retarded elec-
trophoretic migration of the RF2a–box II binding complex
(Figure 7B). Protein gel blot analysis indicated that the su-
pershifted DNA protein complex reflected, at least in part, a
direct, DNA-independent interaction between RF2a and
OsTBP2. In this experiment, recombinant OsTBP2 was sub-
jected to SDS-PAGE and then transferred to a nitrocellulose
membrane and incubated with recombinant RF2a. Bound
RF2a was visualized by anti-RF2a antibody in conjunction
with alkaline phosphatase–conjugated goat anti-rabbit IgG.
Figure 7C shows that RF2a bound strongly to the 23-kD
OsTBP2 and more weakly to a second, more slowly migrating
species, which may be a partially denatured OsTBP2 dimer.
No RF2a binding was observed with either BSA or the coat
protein of 

 

Tobacco mosaic virus

 

 as a negative control.

 

DISCUSSION

 

TBP and TFIIB are two key components of the RNA poly-
merase II transcription initiation complex (Buratowski, 1994;
Orphanides et al., 1996). Like other plants (Gasch et al.,
1990; Haas and Feix, 1992; Hawata et al., 1992; Holdsworth
et al., 1992; Apsit et al., 1993), rice has two distinctive iso-
forms of TBP, the C-terminal sequences of which are highly
homologous with those in yeast and human TBP (Horikoshi
et al., 1990; Peterson et al., 1990). Studies in nonplant sys-

tems indicate that the binding of TBP to the TATA element
facilitates promoter recognition by the machinery for tran-
scription initiation and that the TBP-TATA complex locally
disrupts chromatin packaging (Burley and Roeder, 1996;
Orphanides et al., 1996). The in vitro TATA binding and DNA
bending activity of bacterially expressed OsTBP2 (Figure 2)
is entirely consistent with this model. Moreover, recombi-
nant OsTBP2 strongly stimulated the initiation of transcrip-
tion by the rice whole-cell extract. Likewise, bacterially
expressed recombinant OsTFIIB appears to be functionally
active. Although OsTFIIB alone was not able to bind to the
TATA element of the 

 

pal

 

 promoter or cause DNA bending,
OsTFIIB stimulated the DNA binding and bending activities
of OsTBP2. These observations are consistent with the cur-
rent model, in which TFIIB interacts with the TBP-DNA com-
plex to form the TBP-TFIIB-DNA complex, which docks the
RNA polymerase II machinery (Buratowski, 1994; Orphanides
et al., 1996).

The stimulation by recombinant OsTBP2 and OsTFIIB
reflects initiation from the in vivo start site and is dose de-
pendent, indicating that transcription in the enhanced sys-
tem remains authentic. The stimulation of transcription by
OsTBP2 is TATA box dependent and was observed with all
three promoters tested, each of which contains a clearly
discernible TATA element (Figure 6B). In contrast, OsTFIIB
stimulated only the 

 

pal

 

 and RTBV promoters but not the 

 

pr1

 

promoter. The crystallographic structures of the ternary

Figure 4. Functional Interaction between OsTBP2 and OsTFIIB in
the Initiation of pal Transcription.

81m was used as the template for in vitro transcription reactions
supplemented with recombinant OsTBP2, OsTFIIB, and Zn2�, as in-
dicated.

Figure 5. Dose Responses of OsTBP2 and OsTFIIB Functional In-
teractions.

(A) Dose responses of OsTBP2.
(B) Dose responses of OsTFIIB.
(C) Dose responses of OsTBP2 and OsTFIIB functional interactions.
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complex of the TFIIB core domain, the TBP core domain,
and a 16-bp DNA fragment containing the TATA element
show that TFIIB interacts with TBP, the DNA major groove
immediately upstream of the TATA element, and the DNA
minor groove immediately downstream of the TATA element
(Nikolov et al., 1995).

TFIIB was shown recently to bind to a specific G/C-G/C-
G/A-C-G-C-C element (BRE) that often is located immedi-
ately upstream of the TATA element (Lagrange et al., 1998).
Sequence comparisons (Figure 6B) show that there is a
BRE-like sequence located immediately upstream of the 

 

pal

 

TATA element. There also is a BRE-like element in the RTBV
promoter 2 bp upstream from the TATA element. The BRE-
like element overlaps with the box II element recognized by
RF2a (Yin and Beachy, 1995). The barley 

 

pr1

 

 promoter
(Mouradov et al., 1994) also has a BRE-like element se-
quence (CAAATCC) located 2 bp upstream of the TATA ele-
ment. However, OsTFIIB does not stimulate transcription
from the 

 

pr1

 

 promoter, and this may reflect in part the fact
that the pr1 element matches only 4 of 7 bp of the canonical
BRE element. Moreover, the rice whole-cell extracts support
much higher rates of transcription from the pr1 promoter
than from the pal or RTBV promoters (Figure 6A), and the
pr1 promoter may have a strong TATA element, so that tran-

scription from this promoter may be less dependent on
TFIIB.

OsTFIIB also stimulates the minimal pal promoter, which
lacks the BRE-like element. TFIIB is involved in the recruit-
ment of RNA polymerase II–TFIIF and selection of the correct
transcription start site (Roeder, 1996), and the selective ac-
tion of TFIIB also may depend in part on the structure of the
minimal promoter. TFIIB also interacts with the DNA minor
groove immediately downstream of the TATA element
(Nikolov et al., 1995), and TATA-flanking sequences can influ-
ence the rate and stability of TBP and TFIIB binding (Wolner
and Gralla, 2001). Our data indicate that the synergistic func-
tional interactions between OsTBP2 and OsTFIIB likewise de-
pend in part on the sequences flanking the TATA element.

The effect of RF2a on RTBV promoter transcription also
reveals selective functional interactions. Thus, recombinant
RF2a stimulated transcription from the RTBV promoter and
synergistically enhanced OsTBP2 activity but not OsTFIIB
activity with this promoter. Because the box II element and
the BRE-like element overlap in the RTBV promoter, TFIIB
and RF2a may compete with each other for the binding site,
thereby precluding additive or synergistic effects on tran-
scription from the RTBV promoter. Nevertheless, these data
confirm the function of RF2a as a transcription activator (Yin
et al., 1997) and suggest that the basal transcription factor
OsTBP2 mediates the action of the cis element–specific
RF2a transcription factor.

The selective use of TBP and TFIIB to activate transcrip-
tion is a common mechanism in all eukaryotic systems. In
HeLa cells, activators such as CTF, with a Pro-rich domain,
and VP16, with an acidic amino acid–rich domain, use the
TBP–TFIIB interaction to stimulate transcription. The activa-
tor Sp1, which has a Gln-rich domain, can stimulate tran-
scription independently of TFIIB (Tansey and Herr, 1997).
RF2a has Pro-rich and acidic amino acid–rich domains at its
N terminus and a Gln-rich domain at its C terminus (Yin et
al., 1997) as structural components potentially contributing
to its transcription activation function. Because RF2a ap-
parently functions independently of OsTFIIB, it will be of in-
terest to compare the mechanism of RF2a action with that
of Sp1.

In yeast, activation domains of trans factors can stimulate
the recruitment of TBP to promoters, and several activators,
such as Epstein-Barr virus Zta, adenovirus E1A, Herpes sim-
plex virus VP16, and Human immunodeficiency virus 1 Tat,
have direct functional interactions with TBP (Horikoshi et al.,
1991; Ingles et al., 1991; Lee et al., 1991; Lieberman and
Berk, 1991; Kashanchi et al., 1994; Xiao et al., 1997). Like-
wise, our data indicate that the synergistic functional inter-
actions between OsTBP2 and RF2a in the initiation of RTBV
transcription reflect a direct physical interaction. Moreover,
protein gel blot analysis indicates that the physical interac-
tion between the two transcription factors does not require
the corresponding cis elements. The selective use of TBP
and TFIIB provides a mechanism by which activators can
selectively stimulate transcription from different promoters

Figure 6. Promoter-Specific and Selective Interaction between
OsTBP2 and OsTFIIB.

(A) Selective interaction between OsTBP2 and OsTFIIB in the tran-
scription of RTBV::uidA and pr1::uidA templates by rice whole-cell
extracts.
(B) DNA sequences upstream of the TATA element in the pal, RTBV,
and pr1 promoters. BRE is the TFIIB-recognized element.
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on which the basal transcription machinery might be ar-
ranged differently.

Use of the rice whole-cell extract in vitro transcription has
allowed us to demonstrate that OsTBP2 undergoes pro-
moter-specific functional interactions with both the basal
transcription factor OsTFIIB and the accessory transcription
factor RF2a. The introduction of bacterially expressed re-
combinant factors markedly stimulates transcription initia-
tion by the whole-cell extract, indicating that although this
extract is transcriptionally competent, specific factors are
limiting. The enhanced system provides markedly more ro-
bust transcription of all promoters examined while retaining
key functional attributes, including transcription start site,
TATA box dependence, and promoter selectivity. Thus, the
rice whole-cell extract supplemented with recombinant
OsTBP2 and OsTFIIB represents a powerful tool for ex-
ploring the functional interactions underlying the selective
activation of plant genes, including the rapid functional elu-
cidation of specific cis element–trans factor interactions and
analysis of the functional attributes of orphan transcription
factors disclosed by plant genome sequencing.

METHODS

Nucleic Acid Manipulations

General molecular biological techniques were performed according
to standard protocols (Sambrook et al., 1989). Site-directed mu-
tagenesis was performed as described previously (Zhu et al., 1995c).

Upon request, all novel materials described in this article will be
made available in a timely manner for noncommercial research pur-

poses. No restrictions or conditions will be placed on the use of any
materials described in this article that would limit their use for non-
commercial research purposes.

PCR and cDNA Library Screening

Partially degenerate oligonucleotides corresponding to the con-
served peptide sequences CDVKFPI and IYRMKVP of TATA binding
protein (TBP) and TSEWRTF and KKEIGRA of transcription factor IIB
(TFIIB) in other plants were used for polymerase chain reaction
amplification of rice (Oryza sativa) TBP and TFIIB sequences. The
polymerase chain reaction fragments were cloned into pGEM7
(Promega) and used to screen a rice �ZAPII cDNA library (S.R.
McCouch, Cornell University, Ithaca, NY). pBluescript KS� plasmids
(Stratagene) containing rice TBP and TFIIB cDNAs were recovered
from the purified �ZAPII clones, and nucleotide sequences were de-
termined by the dideoxy chain-termination method (Sambrook et al.,
1989).

Expression of Recombinant Proteins in Escherichia coli

NcoI and XhoI sites were introduced into OsTBP2 and OsTFIIB
cDNAs around their translation initiation and stop codons, respec-
tively. The NcoI and XhoI OsTBP2 and OsTFIIB coding region frag-
ments were ligated into pET-29a (Novagen, Madison, WI) to generate
pET-OsTBP2 and pET-OsTFIIB, which were transformed into E. coli
BL21 (DE3). The transformed cells were grown at 30�C to an OD600 of
1.0 and then induced with 0.2 mM isopropyl-�-D-thiogalactopyrano-
side for 3 hr. Recombinant proteins were purified from bacterial cell
extracts using His-Trap (Pharmacia Biotech) and S tag agarose
beads (Novagen) according to the manufacturers’ instructions. Puri-
fied recombinant OsTBP2 and OsTFIIB were released from the S

Figure 7. Physical and Functional Interactions between OsTBP2 and the RF2a bZIP Transcription Factor.

(A) Functional interactions between RF2a and OsTBP2 in the transcription of the RTBV::uidA template by rice whole-cell extracts. Recombinant
proteins (100 ng) were added as indicated 10 min before the initiation of the transcription reaction by addition of the whole-cell extract.
(B) Effect of OsTBP2 on binding complexes formed between RF2a and box II of the RTBV promoter.
(C) Protein gel blot analysis. Recombinant OsTBP2 (lane 1), coat protein of Tobacco mosaic virus (lane 2), and BSA (lane 3) were subjected to
SDS–12% PAGE, blotted onto a nitrocellulose membrane, and incubated with recombinant RF2a. RF2a binding was visualized by alkaline phos-
phatase activity after sequential incubation of the membrane with rabbit anti-RF2a antibody and alkaline phosphatase–conjugated goat anti-rab-
bit IgG.
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tag–agarose bead complex by biotinylated thrombin, which was re-
moved by streptavidin. To increase the activities of purified recombi-
nant proteins, they were denatured with 2 M urea and then dialyzed
in 20 mM Hepes-KOH, pH 7.9, 1 mM MgCl2, 50 mM KCl, 1 mM DTT,
20% glycerol, and 0.02% Nonidet P-40 overnight. The recombinant
proteins were concentrated with Centriprep10 (Amicon, Beverly,
MA), snap frozen in liquid N2, and stored at �70�C. Recombinant
RF2a was prepared as described previously (Yin et al., 1997).

DNA Binding and Bending Assays

A 23-bp fragment of the rice pal promoter (�42 to �19) containing
the TATA element (Zhu et al., 1995b) was cloned into the SmaI site of
pCY4 (Prentki et al., 1987) to generate pCY4-TA. The BamHI, EcoRI,
and EcoRV fragments of pCY4-TA, each of 390 bp, were labeled with
32P-	-ATP and used as probes in gel retardation assays for the inter-
action with OsTBP and OsTFIIB. The �53 to �39 element (5�-CCA-
GTGTGGCGCTGG-3�) of the promoter of Rice tungro bacilliform
virus was used as a probe in gel retardation assays of RF2a binding.
Binding reactions were performed in 20 
L of 20 mM Hepes-KOH,
pH 8.0, 50 mM KCl, 1 mM DTT, 10% glycerol, 0.3 
g of poly(dI-dC):
poly(dI-dC), and recombinant proteins. The mixtures were incubated
at room temperature for 15 min and then separated by electrophore-
sis on 5% native polyacrylamide gels. The gels were dried and ex-
posed to x-ray film overnight.

Protein Gel Blot Analysis

Protein gel blot analysis was performed as described by Fischer et
al. (1997) with modifications. Briefly, 1 
g each of partially purified re-
combinant OsTBP2, coat protein of Tobacco mosaic virus, and BSA
was electrophoresed separately on a 12% polyacrylamide gel and
transferred to a nitrocellulose membrane, which was denatured in 20
mM Hepes-KOH, pH 7.9, 10% glycerol, 60 mM KCl, 6 mM MgCl2 0.6
mM EDTA, and 2 mM DTT with 6 M guanidine chloride for 30 min.
The proteins then were renatured twice by incubation in the same
buffer containing 100 mM guanidine chloride for 2 hr. After further in-
cubation for 1 hr in this renaturation buffer containing 4% skim milk,
10 
g of purified recombinant RF2a was added to the buffer and in-
cubated overnight. The membrane was washed for 1 hr in 50 mM
Tris-HCl, pH 8.0, 150 mM NaCl, and 0.1% Tween-20 (TBST buffer)
plus 4% skim milk and then incubated for 2 hr with rabbit anti-RF2a
antibody (Petruccelli et al., 2001) at a dilution of 1:1000 in TBST
buffer plus 1% skim milk. The membrane was washed three times
with TBST buffer, and alkaline phosphatase–conjugated goat anti-
rabbit IgG (1:5000 dilution) was added and incubated for 1 hr. The
membrane was washed three times with TBST buffer. Binding was
visualized by alkaline phosphatase activity (Harlow and Lane, 1988).

In Vitro Transcription

Whole-cell extracts of rice cv IR72 suspension cultures were used for
in vitro transcription reactions as described previously (Zhu et al.,
1995b). Within each experiment, the amounts of template and primer
were the same in each individual reaction. The indicated amounts of
recombinant proteins were added to the reaction mixture 10 min be-
fore the addition of the whole-cell extract. Transcription products
were analyzed by primer extension (Zhu et al., 1995a).

Accession Numbers

The GenBank accession numbers for the sequences described in
this article are AF464907 (OsTBP2) and AF464908 (OsTFIIB).
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