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ABSTRACT: Human TFIIB, an essential factor in transcription of protein-coding genes by RNA polymerase
II, consists of an amino-terminal zinc binding domain (TFIIBn) connected by a linker of about 60 residues
to a carboxy-terminal core domain (TFIIBc). The TFIIB core domain has two internally repeated motifs,
each comprising fiveR-helices arranged as in the cyclin box. Compared to the crystal structure of TFIIBc
in complex with TBP and a TATA-containing oligonucleotide, the NMR-derived solution structure of
free TFIIBc is more compact, with a different repeat-repeat orientation and a significantly shorter first
helix in the second repeat. Analysis of backbone15N relaxation parameters indicates the presence of
relatively large amplitude, nanosecond time-scale motions in the TFIIBc interrepeat linker and structural
fluctuations throughout the backbone. Interaction of TFIIBc with the acidic activation domain of VP16
or with TFIIBn induces1H-15N chemical shift and line width changes concentrated in the first repeat,
interrepeat linker and the first helix of the second repeat. These results suggest that TFIIB is somewhat
pliable and that the conformation of the C-terminal core domain can be modulated by interaction with the
N-terminal zinc binding domain. Furthermore, binding of the VP16 activation domain may promote
TFIIBc conformations primed for binding to a TBP-DNA complex.

TFIIB is an essential factor for initiation of transcription
of protein-coding genes by RNA polymerase II (RNAPII),1

one of the three eukaryotic nuclear RNA polymerases. Each
of these polymerases requires a distinct set of auxiliary
protein factors for specific initiation of RNA synthesis. In
addition to TFIIB, the general initiation factors for RNAPII
are TFIIA, TFIID [TATA binding protein (TBP) is a subunit
of TFIID], TFIIE, TFIIF, and TFIIH (1-4). In the stepwise

model for assembly of a transcription preinitiation complex
(PIC) (1-3), TFIIB binds to the TBP (TFIID)-DNA
complex and acts as a molecular bridge to RNAPII and the
remaining initiation factors (5). TFIIB possesses sequence-
specific DNA binding capacity for a DNA segment termed
the IIB recognition element (BRE) immediately upstream
of the TATA sequence of the adenovirus major late promoter
(6, 84). IIB-BRE interaction may play a role in determining
the strength of the promoter. PIC formation is completed
by binding of RNAPII-TFIIF, followed by TFIIE and finally
TFIIH.
Human TFIIB is a 316-residue polypeptide (7, 8). Resi-

dues 106-316 form a protease-resistant core domain
(TFIIBc) (9, 10) containing two 76-residue direct repeats
which adopt closely similar three-dimensional structures
(11-13). The solution structure of free TFIIBc (11) and
the crystal structure of TFIIBc in a TFIIBc-TBP-DNA
complex (12) differ in repeat orientation. Crystallographic
studies of cyclin A (14, 15), cyclin H (16, 17), and domain
A of the retinoblastoma tumor suppressor (18) have con-
firmed a previously predicted (19) close structural relation-
ship between TFIIB, cyclins, and the retinoblastoma protein
family (20). Observation of the same fold in thePyrococcus
woeseihomologue of TFIIB indicates that the TFIIBc/cyclin
box fold evolved before the eukaryotic nucleus (13). The
protease-sensitive N-terminal 105 residues of human TFIIB
include a putative metal binding domain. In thePyrococcus
furiosus homologue of TFIIB, the metal binding domain
adopts a TFIIS-like zinc ribbon fold (21).
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RNAPII activity is tightly regulated according to devel-
opmental and environmental signals through the interplay
of transcriptional activators (22-24), repressors (25, 26),
cofactors (27), and the general RNAPII machinery and
chromatin (28, 29). Activators may function by recruitment
of general factors, by inducing conformational changes or
covalent modification, and by reducing the repressive effect
of chromatin.
Numerous components of the RNAPII machinery have

been identified as activator targets. The highly acidic, potent
activation domain of the herpes simplex virus type 1 protein
VP16 targets TBP (30), TFIIB (31), and TFIIH (32). The
VP16 activation domain (33) comprises two weaker subdo-
mains, residues 411-456 and 457-490, located at the VP16
C-terminus (34, 35). Mutation studies support the role of
VP16 in recruitment of TFIIB: mutants that are deficient
for activated transcription and interaction with VP16 still
support basal transcription (36). Biochemical analysis sug-
gests that the N- and C-terminal domains of TFIIB interact,
that VP16 induces a conformational change to disrupt this
interaction and expose TFIIB functional surfaces (37), and
that diverse activators recruit TFIIB by a common mecha-
nism (38). More recently, the functional significance of
TFIIB interaction with VP16 (39) and acidic activators in
general (40) has been questioned. Moreover, VP16 interac-
tion with TBP and TFIIB appeared different in a study using
selective excitation of fluorescence: TBP induced greater
conformational effects on VP16ad than TFIIB (41). Muta-
tion of both TBP and TFIIB showed that transcriptional
stimulation by activation domains such as those of VP16
and p53 in human HeLa cells depends on the TBP-TFIIB
interaction (42). In contrast, the results of a “synthetic lethal”
analysis indicated that the TBP-TFIIB interaction is not
generally limiting for transcriptional activation in yeast (43).
We have exploited the capacity of NMR to characterize

both overall and internal protein motions by investigating
TFIIBc backbone15N relaxation. The resulting data are
complementary to static studies of structure and indicate the
rate and magnitude of any structural fluctuations. Also, to
shed light on the mechanism(s) of transcriptional activation
involving TFIIB, we have used1H-15N HSQC spectra to
study the interactions between VP16ad and TFIIB and
between TFIIBn and TFIIBc. The characteristics of TFIIBc
backbone 15N relaxation, including extensive chemical
exchange, together with the VP16ad-TFIIB and TFIIBc-
TFIIBn interaction data, suggest that TFIIB possesses some
conformational pliability.

MATERIALS AND METHODS

Preparation of TFIIBc. Purification and characterization
of recombinant TFIIBc, and TFIIBc NMR sample conditions,
have been described previously (11, 44). The TFIIBc
construct used in this study consists of residues 1-3 followed
by residues 111-316 of human TFIIB. We performed
extensive screening of NMR sample solution conditions
before we were able to carry out detailed NMR characteriza-
tion of TFIIB structure (11), dynamics, and interactions. Our
screening procedure is described in a separate publication
(45).
Preparation of TFIIBn. A DNA fragment coding for the

N-terminal domain of human TFIIB (Met1 to Ala60) was

amplified by PCR using Taq polymerase with pET11b-
TFIIB (containing the cDNA for full-length human TFIIB)
(7) as template DNA. The DNA fragment was generated
by the use of a 5′ primer introducing anNdeI site (5′-
GGAATTCCATATGGCGTCTACCAGCGT) and a 3′ primer
introducing a stop codon andXhoI site: 5′-GGGCTCGAGT-
TATTATGCTTTGTCATTGCTGAAAG. The amplified
DNA, coding for TFIIBn, was inserted into pET3a (Novagen)
via NdeI andXhoI sites with expression under the control
of the T7 promoter.

Recombinant TFIIBn was expressed inEscherichia coli
strain BL21(DE3) (Novagen) which contains a chromosomal
copy of the T7 RNA polymerase gene under the control of
the Lac UV5 promoter (46). Cultures were grown at 37°C
in LB medium containing 200µg/mL ampicillin. Uniformly
15N- and 15N/13C-labeled protein was obtained by using
15NH4Cl and15NH4Cl/[13C6]-D-glucose as the sole nitrogen/
carbon sources in M9 medium. All M9 cultures contained
50 µM ZnCl2. At OD600 ) 0.8-0.9, TFIIBn synthesis was
induced by addition of IPTG to 0.5 mM, and the culture
was grown for a further 1.5-2 h. Expression was checked
using SDS-PAGE (16% Tricine gels).

Cell paste from a 2 Lculture was resuspended in 100 mL
of lysis buffer [20 mM Tris-HCl, pH 7.5, 25 mM NaCl, 1
mM DTT, 1 mM PMSF, 30µM ZnCl2, 10% glycerol, 0.5%
NP40, 10µg/mL DNase I, 3 mMMgCl2, 10µg/mL pepstatin,
10 µg/mL leupeptin, and 1% (v/v) aprotinin]. The resus-
pended cell mixture was sonicated using a Branson cell
disrupter and then spun down at 27000g for 30 min at 4°C.
The supernatant was loaded onto a DEAE-Sepharose (Phar-
macia) column (2.5× 15 cm). TFIIBn was eluted using a
gradient of 25-200 mM NaCl in 20 mM Tris-HCl, pH 7.5,
1 mM DTT, 1 mM PMSF, 30µM ZnCl2, and 10% glycerol.
TFIIBn eluted at 100-125 mM NaCl. Fractions containing
TFIIBn were pooled and concentrated to 4 mL using an
Amicon ultrafiltration unit fitted with a YM3 membrane
filter. The sample was then loaded onto a Sephacryl S100
(Pharmacia) column (2.5× 88 cm), previously equilibrated
with 20 mM Tris-HCl, pH 7.5, 200 mM NaCl, 5% glycerol,
1 mM DTT, 1 mM PMSF, and 30µM ZnCl2. TFIIBn
(approximately 95% pure) eluted at about 270 mL.

Preparation of VP16ad. E. colistrain BL21(DE3) harbor-
ing the vector pET11cGST.VP16 AD for expression of the
C-terminal acidic activation domain of herpes simplex virus
activator VP16 (Ala413-Gly490) was grown at 37°C in
LB medium containing 200µg/mL ampicillin. At OD600 )
0.8, protein synthesis was induced by addition of IPTG to 1
mM. The culture was then grown for a further 3 h. Cells
were harvested by centrifugation at 4000g.

One hundred milliliters of lysis buffer (20 mM Tris-HCl,
pH 7.9, 200 mM NaCl, 10% glycerol, 5 mM MgCl2, 2 mM
DTT, 10µg/mL DNase I, 1 mM PMSF, 10µg/mL pepstatin,
10 µg/mL leupeptin, 1% (v/v) aprotinin, and 1% Triton
X-100) was used to resuspend every 20 g of wet cell paste.
Lysozyme (20 mg) was added, and the suspension was
incubated, with mixing, at 4°C for 1 h. The suspension
was then centrifuged at 27000g for 30 min. The soluble
fraction, containing the GST-VP16ad fusion protein, was
loaded onto a 4 mL bedvolume column of glutathione-
Sepharose (Pharmacia). The column was washed with 100
mL of 20 mM Tris-HCl, pH 7.9, 200 mM NaCl, 1% Triton
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X-100, 1 mM PMSF, and 1 mM DTT. The column was
then washed, at room temperature, with 50 mL of thrombin
cleavage buffer (20 mM Tris-HCl, pH 7.9, 150 mM NaCl,
1 mM DTT, and 2.5 mM CaCl2). The glutathione-
Sepharose was then resuspended in 4 mL of thrombin
cleavage buffer. To remove GST from the GST-VP16ad
fusion protein, 20 units of thrombin (CalBiochem) was added
and the glutathione-Sepharose beads were incubated, with
mixing, at room temperature for 1 h. Pefabloc (Boehringer
Mannheim) was then added to 2 mM to inhibit thrombin
activity. VP16ad was eluted with 20 mM Tris-HCl, pH 7.9,
150 mM NaCl, and 1 mM PMSF. The protein, which was
about 75% pure at this stage, was lyophilized to dryness and
then dissolved in 1 mL of deionized distilled water. The
VP16ad solution was loaded onto a Superdex 75 HR FPLC
column. The column was run at 0.5 mL/min in 20 mM Tris-
HCl, pH 7.5, 250 mM NaCl, 1 mM EDTA, 1 mM DTT, 1
mM PMSF, and 1% (v/v) aprotinin. The recovered VP16ad
was about 95% pure. Typically, the yield was about 1 mg
of VP16ad/L of LB medium.
NMR Sample Preparation.The NMR sample of15N-

labeled full length human TFIIB comprised 5 mg of protein
in 95% H2O/5% D2O containing 20 mM sodium phosphate,
pH 7.0, 50 µM zinc chloride, and 5 mM [2H10]DTT
(Cambridge Isotope Laboratories). The TFIIB-VP16ad
sample was prepared by mixing equimolar amounts of15N-
labeled full-length TFIIB and unlabeled VP16ad in the same
buffer as that used for15N-labeled full-length TFIIB alone.
A 0.5 mM sample of15N-labeled TFIIBc was prepared in

95% H2O/5% D2O containing 10 mM sodium phosphate,
pH 6.5, and 5 mM [2H10]DTT. The TFIIBc-VP16ad sample
was prepared by mixing equimolar amounts of15N-labeled
TFIIBc and unlabeled VP16ad in the same buffer as that
used for TFIIBc alone. The TFIIBn-VP16ad sample was
prepared by mixing equimolar amounts of15N-labeled
TFIIBn and unlabeled VP16ad in 95% H2O/5% D2O
containing 20 mM [2H4]imidazole hydrochloride (MDS
Isotopes), pH 6.8, 2.5 mM zinc chloride, 5% glycerol, and
20 mM sodium sulfate. The TFIIBc-TFIIBn sample was
prepared by mixing equimolar amounts of15N-labeled
TFIIBc and unlabeled TFIIBn in 95% H2O/5% D2O contain-
ing 20 mM [2H4] imidazole hydrochloride, pH 6.8, 2.5 mM
zinc chloride, 5% glycerol, and 20 mM sodium sulfate.
NMR Data Acquisition: General.Unless otherwise stated,

NMR spectra were acquired at 24°C on a Varian UNITY-
plus 500 spectrometer operating at a proton frequency of
498.260 MHz and equipped with a triple resonance pulsed
field gradient probe.
2D 15N-edited HSQC spectra were acquired with the

enhanced sensitivity pulsed field gradient approach (47-
50) and minimized water saturation (51-54) with 128
complex points int1, 512 complex points int2, and 128
transients, except for the spectra of TFIIBc (440 complex
points in t1 and 64 transients) and TFIIBc complexed with
VP16ad (160 transients).
Acquisition and Analysis of15N Relaxation Data. All

relaxation experiments were performed at 17°C using pulse
sequences provided by Dr. Lewis Kay (55). 15N T1,15N T2,
and15N{1H} NOE experiments for spectral density mapping
and model-free analysis (MFA) were performed at 600.289
MHz proton frequency on a Varian Unity 600 spectrometer
equipped with a triple resonance pulsed field gradient probe.

The experiments were performed on a 1.2 mM TFIIBc
sample and repeated using a 0.6 mM TFIIBc sample to verify
that there is no concentration dependence in the relaxation
profile. This ensured that the data were not distorted by
aggregation.

15N T1 values were measured from spectra recorded with
eight different durations of the delayT: 11.0, 56.0, 111.0,
222.0, 333.0, 444.0, 888.0, and 1776.0 ms.15N T2 values
were measured from spectra recorded with eight different
durations of the delayT: 0.0, 16.0, 32.0, 48.0, 64.0, 80.0,
96.0, and 112.0 ms. To check sample stability,T2 measure-
ments were repeated withT ) 32.0 ms after the final
acquisition of relaxation data. A recycle delay of 1 s was
employed in measurements of both15N T1 and15N T2 values.
15N{1H} NOE values were determined using spectra recorded
in the presence and absence of a 3 sproton saturation period.
The NOE experiments were performed three times, and the
average values from the three experiments were used.

In addition, 15N T1 andT2 were measured using the 1.2
mM sample at 498.260 MHz proton frequency on a Varian
UNITY-plus 500 spectrometer. For the15N T2 experiment
at 498.260 MHz proton frequency, a 3 srecycle delay was
required to prevent sample heating. Comparison of the data
obtained at 500 and 600 MHz was used to estimate the
chemical exchange contribution toT2 (56, 57). Apocalmod-
ulin (58) was used as a control (data not shown) to assess
the reliability of our data acquisition and analysis.

All relaxation spectra were recorded with 128 complex
points in t1 and 512 complex points int2. 15N T1 andT2
spectra were recorded with 32 transients pert1 increment,
and15N{1H} NOE spectra were recorded with 40 transients.
Spectral widths of 1800 and 9600 Hz were employed inF1
andF2, respectively. The data were processed with nmrPipe
(59) and analyzed using Pipp (60). Lorentzian-to-Gaussian
apodization was applied identically to both dimensions of
all spectra.T1, T2, and NOE values were determined using
previously described procedures (61, 62). For model-free
analysis (63, 64), selection and notation of the theoretical
relaxation model were as previously described (65): 80
cross-peaks were treated by a simplified spectral density
function (model I), 6 peaks by the standard Lipari-Szabo
function (model II), 10 peaks by a function including two
internal motions (model III), 46 peaks by a simplified
function incorporating chemical exchange (model IV), and
3 peaks by the standard Lipari-Szabo function including
chemical exchange (model V).

RESULTS

TFIIBc 1H-15N HSQC Spectrum.1H-15N HSQC spectra,
representing a fingerprint of the protein backbone, have been
used in this study as a quick, informative probe of changes
in backbone conformation. Our TFIIBc construct contained
209 amino acid residues, including 10 prolines, 7 asparagines,
and 10 glutamines; the expected1H-15N HSQC peak totals
were therefore 198 backbone1H-15N cross-peaks and 17
pairs of cross-peaks from side chain NH2 groups, plus
additional side chain cross-peaks from the 15 lysines and
16 arginines. For the backbone amide groups, 186 resolvable
cross-peaks were observed in the HSQC spectrum (Figure
1). Of the non-proline residues, only the first three residues,
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corresponding to residues 1-3 of full-length human TFIIB,
did not give any signal in the HSQC spectrum. For
asparagine and glutamine side chain NH2 groups, 14 of the
expected 17 pairs of cross-peaks were observed.
Cross-peaks in the1H-15N HSQC spectrum were reason-

ably well dispersed, especially considering the relatively large
size (23.2 kDa) and helix-dominated secondary structure of
TFIIBc. Overlapped backbone NH cross-peaks included
those of Arg112, Lys149, and Ala155; Ala113, Ala254, and
Tyr259; Met124 and Tyr146; Ala125, Lys178, and Cys181;
Asp126 and Cys223; Leu130 and Asp136; Arg169 and

Leu180; and Asp243 and Lys312 (Figure 1b). These cross-
peaks were resolved and assigned by analysis of 3D triple
resonance spectra.
Backbone15N Relaxation Studies of TFIIBc.The relax-

ation parametersT1, T2, and15N{1H} NOE for backbone15N
nuclei were obtained by analysis of proton-detected1H-
15N heteronuclear correlation spectra (55, 66). Peak intensi-
ties could be estimated for 145 backbone NH groups out of
an expected total of 198 cross-peaks.J(0),J(ωN ) 60 MHz),
and J(ωH + ωN ) 540 MHz) values were calculated by
quasi-spectral density function (QSDF) analysis (56, 67, 68)
(Figure 2). The average values ofJ(0), J(ωN ) 60 MHz),
andJ(ωH + ωN ) 540 MHz) are 6.16( 0.24 ns/rad, 0.181
( 0.012 ns/rad, and 3.93( 1.59 ps/rad. J(0) values are
large with an overall convex profile when plotted as a
function of residue number, as expected from the concave
profile of T2 as a function of residue number (data not
shown). Residues 206-213 in the interrepeat linker have
significantly higherJ(ωN ) 60 MHz) andJ(ωH + ωN )
540 MHz) values than most of the polypeptide, indicating
internal motion in the linker on the nanosecond time scale.

FIGURE 1: (a, top) 1H-15N HSQC spectrum of TFIIBc. The
backbone NH group for every residue has been assigned; peaks
are labeled according to these assignments using the one-letter
amino acid code and sequence position of the corresponding residue.
Pairs of peaks connected by dotted lines correspond to asparagine
and glutamine side chain NH2 groups. (b, bottom) Expanded view
of the most crowded region outlined using dotted lines in (a, top).

FIGURE2: Graphical representation of the spectral density functions
and model-free parameters of TFIIBc backbone15N nuclei as a
function of residue number, derived from relaxation data recorded
at 17 °C, pH 5.8. From top to bottom: (a)J(0); (b) J(ωN ) 60
MHz); (c) J(ωH + ωN ) 540 MHz); (d) generalized order
parameter,S2; (e) chemical exchange contribution,Rex, in hertz.
Residues for which no results are shown correspond either to proline
residues or to residues for which NH cross-peaks could not be
resolved. Also shown at the top of the figure is the location of
R-helices in the NMR-derived solution structure (11) and in the
TFIIBc structure in the crystal structure of a TFIIBc-TBP-TATA
ternary complex (12).

7944 Biochemistry, Vol. 37, No. 22, 1998 Hayashi et al.



To understand the large values and convex profile ofJ(0),
we estimated chemical exchange,Rex, using15N T1 andT2
values measured at 500 and 600 MHz proton frequencies
and performed model-free analysis mainly using the data
measured at 600 MHz. Comparison of the15N T1 andT2
values at the two field strengths indicated that there is a
chemical exchange contribution,Rex, to the apparent rate of
T2 relaxation [and hence toJ(0)] in most residues of the
polypeptide (Figure 2). TheRex values obtained were,
however, thought to contain significant error because of the
small difference in the field strengths (600 and 500 MHz
proton frequency) used for these experiments. Therefore,
MFA (63, 64) was also performed. For this analysis, we
usedT1-1, 15N{1H} NOE, and (T2-1 - Rex,min), whereRex,min
is the minimumRex contribution for each backbone15N
nucleus obtained by subtracting the maximum error from
Rex. (T2-1 - Rex,min) contains a residual chemical exchange
contribution which can be separated by MFA. The (T2-1 -
Rex,min)/T1-1 ratio was used to determine an approximate value
for τR of 16.1 ns. It is noted that the value obtained forτR
depends on the value assigned toRex, a quantity with
potentially significant error (see above). The generalized
order parameter,S2, also contains this potential error and in
this case is an indication of relative internal motion. The
generalized order parameter,S2, and Rex from MFA are
shown in Figure 2. Small values ofS2 for residues 206-
213 indicate the occurrence of relatively large amplitude
motions in the linker between the two repeats, consistent
with the observation made forJ(ωN ) 60 MHz) andJ(ωH

+ ωN ) 540 MHz).
Interactions between TFIIB and the VP16 ActiVation

Domain and between the N- and C-terminal Domains of
TFIIB. Following studies of the structure and dynamics of
TFIIBc, we sought direct structural evidence for the proposed
(37) interaction between the N- and C-terminal domains of
full-length TFIIB. Chemical shift overlap and large line
widths in the1H-15N HSQC spectrum of full-length TFIIB

(Figure 3a), however, suggested that detailed structural study
would be difficult, if not impossible. On the basis of
previous evidence that VP16ad disrupts the proposed in-
tramolecular interaction between the N- and C-terminal
domains of full-length TFIIB (37), we surmised that inves-
tigation of the TFIIB-VP16ad and TFIIBc-TFIIBn interac-
tions could furnish useful insights into TFIIB function.
Complexation of15N-labeled full-length TFIIB with unla-
beled VP16ad resulted in a significant improvement in the
1H-15N HSQC spectrum of full-length TFIIB: line widths
were reduced by 25% or more, despite the increase in
molecular weight upon interaction with VP16ad, and overlap
was also reduced (Figure 3b).
Sequential resonance assignments for full-length TFIIB

are currently unavailable, so to evaluate the VP16ad interac-
tion surface on TFIIB, and to compare this interaction with
that between the N- and C-terminal domains of TFIIB, we
recorded1H-15N HSQC spectra of the following mixtures
and monitored changes in chemical shift and line width
relative to uncomplexed TFIIBc and uncomplexed TFIIBn.
(1) 15N-Labeled TFIIBc (Residues 111-316) plus Unla-

beled VP16ad (Residues 413-490). The 1H-15N HSQC
spectrum of TFIIBc in this complex is shown in Figure 4a.
Cross-peaks of backbone NH groups showing significant
chemical shift changes (1H g 0.03 ppm and15N g 0.3 ppm)
and/or line broadening have been boxed. The locations of
these NH groups in the TFIIBc structure have been mapped
(Figure 5a). Forty-three NH groups in the first repeat of
TFIIBc were affected, compared to only 18 in the second
repeat. Clusters of affected residues occurred in helix C1
at the center of the first repeat and in basic amphipathic helix
E1. Interestingly, the NH groups of 5 residues in the linker,
3 in helix A2, and 14 other residues at the interface between
the repeats showed significant changes upon VP16ad binding.
(2) 15N-Labeled TFIIBc (Residues 111-316) plus Unla-

beled TFIIBn (Residues 1-60). The 1H-15N HSQC spec-
trum of 15N-labeled TFIIBc in this complex is shown in

FIGURE 3: 1H-15N HSQC spectra of (a, left)15N-labeled full-length TFIIB and (b, right)15N-labeled full-length TFIIB in the presence of
1:1 molar equiv of the unlabeled VP16 activation domain.

TFIIB Conformational Variability and Interactions Biochemistry, Vol. 37, No. 22, 19987945



Figure 4b. Cross-peaks of backbone NH groups showing
chemical shift changes and/or line broadening (boxed in
Figure 4b) have been mapped onto the structure of TFIIBc
(Figure 5b). As observed with VP16ad, most (twenty-five)
of the significantly affected NH groups mapped to the first
repeat of TFIIBc. Helices C1, D1, and E1 showed most
change. Again, five linker residues and two in helix A2 were
affected. Apart from helix A2, only four backbone NH
groups in the second repeat were affected.
(3) 15N-Labeled TFIIBn (Residues 1-60) plus Unlabeled

VP16ad (Residues 413-490). The1H-15N HSQC spectrum
of TFIIBn was not significantly affected by mixing with
VP16ad. This suggests either that the two polypeptides did
not interact or that VP16ad binding did not alter the
conformation of TFIIBn.

DISCUSSION

The solution structure of unbound human TFIIBc (11) and
the crystal structure of TFIIBc determined in complex with
Arabidopsis thalianaTBP2 and the TATA element of the
adenovirus major late promoter (AdMLP) (12) differ in two
related respects: the relative orientation of the domains
formed by the first and second TFIIBc repeats (Figure 6)
and the lengths of the interrepeat linker and firstR-helix of
the second repeat (helix A2 in the NMR structure, helix BH1′
in the crystal structure; Figures 6 and 7). The folds of the
individual repeats are similar in the crystal and solution
structures. Helix A2 in the TFIIBc solution structure
comprises only 5 residues (Figure 7), but is 12 residues long
in the TFIIBc-TBP2-TATA complex crystal structure (12)
(Figure 6c). Helix A1, the first repeat helix corresponding

to helix A2, is 15 residues long in solution, close in length
to its ternary complex counterpart.

In the solution structure of free TFIIBc, the repeat interface
occurs in the region comprising helices C1, D1, C2, and
D2: the C1-D1 loop is close to the C2-D2 loop and helix
D2 (Figure 6), with a buried surface area between the
domains of approximately 1500 Å2. In the TFIIBc structure
taken from a TFIIBc-TBP-DNA ternary complex (Figure
6), the repeat interface occurs between the C1-D1 loop and
helix A2 and between helix D1 and the D2-E2 loop (Figure
6). The aforementioned considerably shorter length of helix
A2 in free TFIIBc compared to that in the TFIIBc-TBP-
DNA complex is compatible with the domain orientation
observed in free TFIIBc, where helix A2 is not part of the
domain interface but rather is solvent exposed and therefore
lacks stabilizing interactions. The buried surface area
between the TFIIBc repeats in the complex crystal structure
is 600 Å2 (12). The structure of unbound TFIIBc in solution
is thus more compact than that of TFIIBc bound to a TBP-
DNA complex in the crystalline state (54 Å× 33 Å× 35 Å
for the solution structure and 65 Å× 32 Å × 32 Å for the
crystal structure). Residues involved in NOEs that define
the relative orientation of the first and second repeat motifs
include Glu172, Pro174, Arg175, Phe195, Ser262, Gln263,
Arg269, Ile274, Arg286, and Leu313. NOEs between the
TFIIBc repeats that might be expected on the basis of the
repeat orientation observed in the ternary complex crystal
structure involve Arg175, Thr176, and the aromatic rings of
Phe214 and Phe218. Such NOEs were not observed in our
spectra of unbound TFIIBc in solution. We note the different
conditions used for NMR and X-ray crystallography: TFIIBc

FIGURE 4: 1H-15N HSQC spectra of (a, left)15N-labeled TFIIBc in the presence of 1:1 molar equiv of unlabeled VP16ad and (b, right)
15N-labeled TFIIBc in the presence of 1:1 molar equiv of unlabeled TFIIBn. A box with a broken outline indicates line width change
relative to the1H-15N HSQC spectrum of TFIIBc alone, and a box with a solid line indicates a chemical shift change or evidence of both
line width and chemical shift change. Where cross-peak density permits, cross-peaks that show significant chemical shift and/or line width
changes relative to the1H-15N HSQC spectrum of TFIIBc alone are labeled with the one-letter amino acid code and sequence position of
the corresponding amino acid residue.
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samples used for acquisition of NMR spectra contained 10
mM sodium phosphate, pH 5.8, 7.5 mM perdeuterated
dithiothreitol, and 50µM sodium azide (11); the TFIIBc-
TBP-DNA complex used for crystallographic studies (12)
was prepared in 40 mM KCl, 300 mM ammonium acetate,
5 mM MgCl2, 5 mM CaCl2, 10 µM zinc acetate, 10 mM
dithiothreitol, 10% (v/v) glycerol, 2% (v/v) ethylene glycol,
and 40 mM Tris-HCl, pH 8.5, and was crystallized by vapor
diffusion against 5-10% (v/v) glycerol, 20 mM dithiothrei-
tol, and 40 mM Tris-HCl, pH 8.5.
The difference between the structures of free and com-

plexed TFIIBc lead us to investigate the potential for
structural fluctuations in TFIIBc through examination of
backbone15N dynamics of free TFIIBc in solution. Such
an investigation of dynamics requires measurement and
analysis of relaxation times and heteronuclear NOEs. The

relaxation data indicate distinctive behavior in the linker
between the two repeats and the presence of chemical
exchange throughout TFIIBc. The spectral density maps at
60 and 540 MHz indicate the presence of internal motion in
the linker on a nanosecond time scale. Moreover, the spectral
density function at zero frequency,J(0), dips in this part of
the TFIIBc sequence due to internal motion (Figure 2). This
motion produces a longerT2 by more effective averaging of
dipolar interactions. After removal of the minimum chemical
exchange contribution, MFA (63, 64) produces a similar
conclusion: the relatively low values of the order parameter,
S2 (Figure 2), and the correlation time for internal motion,
τe, in the linker evidence relatively large amplitude motions
on a nanosecond time scale. It should also be noted that
variant linker conformations sometimes occurred in an
ensemble of NMR-derived structures (data not shown). In

FIGURE 5: Effects of (a, top) VP16ad and (b, bottom) TFIIBn mapped onto the structure of TFIIBc. The first repeat of TFIIBc is shown
in green and the second repeat in cyan, and the location of NH groups corresponding to shifted/broadened cross-peaks is indicated in red.
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the crystal structure of bound TFIIBc, residues 211-213 are
part of the first helix of the second repeat and are located in
the domain interface. Our backbone15N relaxation data
indicate that the backbone amides of these residues are
mobile, more consistent with their solvent-exposed location
in the NMR structure of free TFIIBc (Figure 6).

J(0) displays large, scattered values within an unusual
convex overall envelope. At least some of the unusual
character ofJ(0) can be ascribed to the widespread chemical
exchange contribution toT2 relaxation. TFIIBc in solution
has a somewhat elongated shape with diffusion axes in the
ratio 1:1.03:1.75. Anisotropy of molecular diffusion was not

FIGURE 6: Relative orientation of the repeat motifs in (a, top left) the NMR-derived solution structure of unbound TFIIBc and (b, top right)
the X-ray crystallographic structure of TFIIBc taken from a ternary TFIIBc-TBP-TATA complex. Backbone atoms of residues 112-199
of the coordinates of unbound and complexed structures were best-fitted for this figure. Note the markedly different lengths of the first
helix of the second repeat (helix A2) in the two structures. NMR data for helices A1 and A2 are compared in Figure 7. (c, bottom) The
TFIIBc-TBP-TATA ternary complex crystal structure (12). The color scheme used for the TFIIBc helices in (a) and (b) is retained in (c).
TBP is shown in dark blue, and the strands of the TATA element are shown in orange and white (space-filling representation).
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incorporated into our analysis, however, since there was no
correlation between theT1/T2 ratio and the projection of the
NH bond vector onto the diffusion axis. In the absence of
evidence for two or more rotational correlation times,
therefore, a single rotational correlation time has been
assumed, with attribution of shortT2 values to chemical
exchange. Also, chemical exchange and anisotropy may be
interrelated in the sense that any conformational exchange
correspondingly results in transient changes in molecular
anisotropy.
There are few published examples of proteins that show

such widespread chemical exchange. Examples include the
isolated N-terminal SH3 domain of Drk (69, 70), the
C-terminal domain of apocalmodulin (58), and unliganded
FK506 binding protein (71). We identified three specific
structural properties of TFIIBc that might be related to
widespread chemical exchange: (1) most pairs ofâ-CH2

protons have degenerate chemical shifts (approximately 60%
are degenerate in the N-terminal repeat and approximately
80% are degenerate in the C-terminal repeat), (2) the TFIIBc
repeats have a small hydrophobic core, and (3) some parts
of the H/D exchange data do not correlate well with the
solution structure. Degenerate chemical shifts ofâ-CH2

protons suggest that the side chains can rotate freely and
that the hydrophobic core may be somewhat loose.
In examining other evidence for TFIIB conformational

variability, we note the previous proposal that VP16ad
disrupts an intramolecular interaction between the N-terminal
and C-terminal domains of full-length TFIIB (37). This
disruption may facilitate subsequent steps in PIC assembly
by exposing TFIIB binding surfaces for TFIIF and RNAPII.
We have examined the effects of VP16ad on1H-15N HSQC
spectra of full-length TFIIB, TFIIBc, and TFIIBn. VP16ad-
induced reduction in line width and overlap of the1H-15N
HSQC spectrum of full-length TFIIB (Figure 3) is consistent
with the proposed VP16ad disruption of a TFIIB intramo-
lecular interaction (37): in full-length TFIIB, exchange
between closed (N- and C-terminal domains in contact) and
open conformations may contribute to the large line widths
observed in the1H-15N HSQC spectrum of TFIIB (Figure

3a); the spectrum in Figure 3b indicates that VP16ad binding
may perturb the equilibrium to favor open TFIIB conforma-
tions with exposed interaction sites for TFIIF and RNAPII.
We next investigated the VP16ad binding site on TFIIB:

our results suggest that VP16ad binds the first repeat of
TFIIBc and either does not bind or does not significantly
perturb the structure of TFIIBn. The distribution of chemical
shift and line width changes in TFIIBc indicates that TFIIBn
and VP16ad have the same or an overlapping binding surface
on TFIIBc, suggesting that VP16ad and TFIIBn compete.
Interestingly, competition between TAFII250 and VP16ad for
binding to TBP has been implicated as a mechanism of
activation (72). Upon complexation of TFIIBc with either
VP16ad or TFIIBn, we observed significant chemical shift
and line width changes in numerous residues of the repeat-
repeat interface and linker and in the hydrophobic core helix
C1 (Figure 5). VP16ad-induced effects were more extensive
than TFIIBn-induced effects. These results provide evidence
for conformational changes in TFIIBc induced by either
VP16ad or TFIIBn.
The combined relaxation and protein-protein interaction

data suggest that TFIIB may exist in equilibrium between
multiple conformational states, with intramolecular (or
intermolecular) interaction between the N-terminal zinc
binding and C-terminal core domains modulating the con-
formational equilibria. Transcriptional activators such as
VP16 may similarly influence TFIIB conformation. In such
a scenario, the solution structure of free TFIIBc represents
a conformational state that may be less favorable in full-
length TFIIB due to the presence of the N-terminal zinc
binding domain.
Conformational changes in TFIIB are likely to have

important consequences for transcriptional regulation. The
rate-determining steps in transcription complex assembly
depend on exact conditions, for example the concentration
of each of the general factors. TFIIB binding to the TFIID-
promoter complex can be a slow step. An activator may
increase the rate of this step by inducing favorable confor-
mational changes in TFIIB. Consistent with this notion, the
equilibrium association constant for TFIIB binding to the

FIGURE 7: Chemical shift indices and sequential and short-range backbone NOEs for the firstR-helix in each of the repeats of TFIIBc to
illustrate the evidence for the significantly different lengths of these helices. The strip plots were extracted from a15N-edited NOESY-
HSQC spectrum of TFIIBc.
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promoter can be increased by a single, promoter-bound
activator (73). Although interaction with TBP results in
greater structural ordering of VP16ad than interaction with
TFIIB (41), our data indicate that VP16ad binding to TFIIBc
exerts significant effects on TFIIBc backbone chemical shifts
and line widths, particularly within the first repeat. It is also
interesting that Roeder and colleagues proposed RNAPII-
dependent conformational changes in TFIIB, analogous to
those presumed forE. coli σ70 (10). In addition to TFIIB, it
is likely that other general factors undergo conformational
changes during PIC assembly (4) and other stages of the
transcription cycle. The kinetics of TBP binding to the
promoter, for example, are consistent with a two-step
pathway involving initial binding followed by isomerization
to a more stable complex (74). Also, studies of prokaryotic
transcription initiation have lead to a model involving an
isomerization step from a so-called closed to an open
transcription complex (75).
Amino acid sequence comparison provides further cir-

cumstantial evidence for variability of TFIIB conformation.
According to a published sequence alignment (76), both of
the yeast TFIIBs that have been cloned and sequenced have
insertions between the two repeats of the core domain relative
to the higher eukaryotic TFIIB sequences: nine residues
inserted on the N-terminal side of the interrepeat linker and
three or five residues on the C-terminal side. This suggests
that the two yeast TFIIBs have an interrepeat linker more
than twice as long as higher eukaryotic TFIIBs, with
concomitant potential for different relative orientation and/
or spacing of the two repeats in the C-terminal core domain.
This may be related to the position of the TATA motif in
yeast, separated by 60-120 base pairs from the transcription
initiation site compared to 35 base pairs in higher eukaryotes.
It is also germane that the most highly conserved portion of
TFIIB lies immediately C-terminal of the zinc binding motif,
where there is 90% similarity over a 49-residue segment (76).
This suggests that the sequence linking the zinc binding
domain and the C-terminal core domain, and consequently
the relative disposition of these domains, is important for
function.
There are numerous other examples of multiple-domain

proteins that show conformational variability with respect
to domain orientations. TheR subunit of E. coli RNA
polymerase consists of two domains with different functions
connected by a flexible linker (77). The characteristic
dumbbell shape of calcium-loaded calmodulin collapses to
a compact, globular form upon complexation with target
peptide (78-80). Domain packing and the structure of the
N-terminal domain of recoverin are very different between
the X-ray crystal structure of unmyristoylated recoverin
bound to a single calcium (81) and the NMR-derived solution
structure of calcium-free myristoylated recoverin (82).
Together with the present and previous (37) results, these
observations lend weight to the notion that malleability in
TFIIB domain organization plays a role in transcriptional
regulation. In contrast, structurally related cyclin A is rigid
and does not change conformation between free and CDK2-
bound forms (15, 83).

CONCLUSIONS

The present data on TFIIBc dynamics and interactions are
consistent with conformational fluctuations in TFIIBc.

Relatively large amplitude motions on the nanosecond time
scale in the repeat-repeat linker indicate that this linking
segment potentially acts as a hinge to permit reorientation
of the two repeats. This possibility is supported by numerous
TFIIBn- and VP16ad-induced changes in backbone NH
chemical shift and line width in the linker and repeat-repeat
interface of TFIIBc. The pattern of backbone NH chemical
shift and line width changes indicates that VP16ad and
TFIIBn bind primarily to the first repeat and that they
compete for the same or overlapping binding sites on TFIIBc.
TFIIB may exist in equilibrium between multiple conforma-
tions, with TFIIBn-TFIIBc interactions modulating the
equilibria and with stabilization of the structure of isolated
TFIIBc in the absence of the N-terminal zinc binding domain.
Structural details of the 60-residue linker between the two
domains remain to be elucidated. These observations suggest
that transcriptional activators such as VP16 exert part of their
effect by influencing TFIIB conformation to facilitate forma-
tion of the TFIIB-TBP-DNA complex.
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