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The large subunit of TFIIE (TFIIEa) has a highly conserved zinc ribbon domain, which
is essential for transcription. Recently, we determined the solution structure of this
domain to be that of a novel zinc finger motif [Okuda et al. (2004) J. Biol. Chem. 279,
51395-51403]. On examination of the functions of four cysteine mutants of TFIIEa,
in which each of four zinc-liganded cysteines was replaced by alanine, we found an
interesting functional asymmetry; on a supercoiled template, the two C-terminal
mutants did not show any transcriptional activity, however, the two N-terminal mutants
retained about 20% activity. Furthermore, these two pairs of mutants showed distinct
binding abilities as to several general transcription factors. To obtain structural insights
into the asymmetry, here we have analyzed the structures of the four cysteine mutants of
the zinc ribbon domain by CD and NMR. All four mutants possessed a characteristic
partially folded structure coordinating with a zinc atom, despite the imperfect set of
cysteine-ligands. However, they equilibrated with several structures including the
random coil structure. Unexpectedly, the two N-terminal mutants mainly equilibrated
with the random coil structure, while the two C-terminal ones mainly equilibrated with
folded structures. The characteristic structure formation of each mutant was reversible,
which totally depended on the zinc binding.
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Abbreviations: 6His, six histidine-tag; CTD, C-terminal domain of the largest subunit of Pol II; HSQC, hetero-
nuclear single quantum correlation; hTFIIEac, core domain of human TFIIE«; NOE, nuclear Overhauser effect;
PIC, preinitiation complex; Pol II, RNA polymerase II.

Initiation of the transcription of eukaryotic protein coding
genes requires RNA polymerase II (Pol II) and five general
transcription factors, TFIIB, TFIID, TFIIE, TFIIF, and
TFIIH (1, 2). Promoter DNA-binding of the TATA box—
binding protein (TBP), a subunit of TFIID, triggers this
initiation. It is followed by stepwise assembly of TFIIB,
Pol II/TFIIF, TFIIE, and TFIIH, and then a preinitiation
complex (PIC) is formed on the promoter containing
the transcription initiation site. During PIC formation,
TFIIE interacts with various general transcription factors,
Pol IT and promoter DNA, and recruits TFITH to the PIC (3).
TFIIE also plays direct roles in the transition from
initiation to elongation via promoter melting and promoter
clearance by regulating the enzymatic activities of TFIIH,;
those of serine-kinase of the C-terminal domain (CTD)
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of the largest subunit of Pol II, DNA-dependent ATPase,
and DNA helicase (4-8).

Human TFIIE (WTFIIE) is a heterotetramer consisting of
two o (WTFIIEwa; 57 kDa) and two [ (hTFIIER; 34 kDa)
subunits (9-12). While its functions have been studied
well, little is known about its structure (13—16). Recently,
we determined the solution structure of the core domain
of hTFIIEa (hTFIIEac) (17). Although the N-terminal
and C-terminal regions were flexible, the residual middle
region comprised a compact structure, consisting of five
B-strands and one a-helix (Fig. 1). This structure can be
classified as a novel zinc finger, because of no similarity
with any other zinc finger structures determined so far.
However, its Zn?"-binding site formed by two turns
(t1, t2) was quite similar to the sites of zinc ribbon struc-
tures (18—24). Two pairs of cysteine residues on each of the
two turns coordinated with Zn?". These two turns were
symmetrical: the Sy atom of the first Zn®"-ligand, C129,
formed bifurcated hydrogen bonds with the amide protons
of V131 and the second Zn?*-ligand, C132, behind the
second and third residues on the first turn, t1. The same
hydrogen bond patterns were observed for the second turn,
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Fig. 1. The hTFIIE¢c structure. Solution structure of hTFIIEac
(17). The two turns comprising the Zn*"-binding site are indicated
by t1 and t2. Zn?* is shown as a red sphere. The four Zn*"-coordinat-
ing cysteine residues are shown in yellow. The five phenylalanine
residues are shown in green. This figure was made using the pro-
gram MOLMOL (35). The atomic coordinates have been deposited in
the Protein Data Bank, Research Collaboratory for Structural
Bioinformatics, Rutgers University, New Brunswick, NJ (http:/
www.rcsb.org/) under the accession code 1VDA4.

t2. That is, there were bifurcated hydrogen bonds between
the Sy atom of the third Zn®"-ligand, C154, and the amide
protons of F156 and the fourth Zn®*"-ligand, C157. These
hydrogen bonds enhanced the stability of the Zn®"-binding
site. In order to reveal the function of h"TFIIEac, we created
four cysteine point mutants, alanines being substituted for
cysteines, at the Zn**-binding site (C129A, C132A, C154A,
and C157A), and performed mutation analysis for basal
transcription activity (17). The results showed an interest-
ing asymmetry of the Zn®"-ligands for the transcription
activity. None of the cysteine mutants showed any tran-
scription activity on a linearized DNA template of the ade-
novirus 2 major late promoter, however, on a supercoiled
template, the two N-terminal cysteine mutants, C129A and
C132A, retained about 20% transcription activity, contrary
to the two C-terminal cysteine mutants, C154A and C157A,
which possessed no transcription activity. GST-pull down
assaying of TFIIE«a with TFIIEP as well as other general
transcription factors showed that C129A and C132A bound
more strongly to TFIIFB compared with C154A and C157A,
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rather than the wild type, whereas C154 exhibited reduced
and C157A absolutely no binding ability as to the XPB
subunit of TFIIH. Here, we obtained structural insights
into the asymmetry of the Zn?"-ligands of hTFIIEac by
CD and NMR.

MATERIALS AND METHODS

Purification of hTFIIEoc Mutants—Construction of the
expression plasmids for the wild type and mutants of
hTFIIE«c, and purification of the wild type were described
previously (17). Each hTFIIEac point mutant plasmid was
transformed into E. coli BL21(DE3)pLysS (Novagen). The
cells were grown at 37°C in M9 minimal medium contain-
ing [*®N] ammonium chloride. A six histidine-tag (6His)-
hTFIIEac point mutant was then induced by the addition of
1 mM isopropyl-B-D-thiogalactopyranoside (IPTG). Sixty M
7ZnCl,; was added to the medium at the same time. After 6 h
growth the cells were harvested. The cell pellet was resus-
pended in buffer A [20 mM Tris-HCI1 (pH 7.0), 10% (v/v)
glycerol, 30 uM ZnCls, 5 mM B-mercaptoethanol, 1 mM
phenylethylsulfonyl fluoride (PMSF), 1 mM benzamidine]
containing 100 mM NaCl (BA100). The cells were lysed
by sonication and centrifuged, and then the supernatant
was loaded onto a Ni-nitrilotriacetic acid (NTA)-agarose
(Qiagen) column equilibrated with BA100 containing
20 mM imidazole-HCI. The sample was eluted with a linear
gradient of 20 to 400 mM imidazole-HCI. The peak fractions
were pooled and diluted to approximately 2-fold volume
with a buffer (BAO, 100 mM NaCl-free BA100), and then
applied to a Q-Sepharose column (Amersham Pharmacia
Biotech) equilibrated with BAO. The sample was eluted
with a linear gradient of 0 to 1 M NaCl. The peak fractions
were pooled and the buffer was changed to 50 mM Tris-HCI
(pH 8.0), 30 uM ZnCl,, 5 mM B-mercaptoethanol, 2.5 mM
CaCl, containing 150 mM NaCl. The sample was digested
with thrombin for 16 h at 25°C to remove the 6His-tag,
concentrated using Centriprep (Amicon), and then applied
to a Superdex30 column (Amersham Pharmacia Biotech)
equilibrated with a buffer [20 mM potassium phosphate
(pH 6.0), 30 uM ZnCly, 5 mM 1,4-dithiothreitol (DTT)]
containing 50 mM NaCl. The final fractions were used
for analyses.

CD Spectroscopy—Fifteen micromolar aliquots of the
wild type and mutant hTFIIEac were dissolved in a buffer
[10 mM potassium phosphate (pH 6.0), 30 uM ZnCls, 1.0 mM
DTT]. CD spectra were obtained at 25°C on a Jasco J-720W
spectropolarimeter with a 1 mm path-length cell. Each
spectrum was the average of 16 scans over the wavelength
range of 185-260 nm. The secondary structure was
analyzed according to the method of Yang et al. (25).

NMR Spectroscopy—The protein concentration for 2D
'H NOESY experiments was 0.5 mM in a buffer [20 mM
potassium phosphate (pH 6.0), 30 uM ZnCl,, 5.0 mM deut-
erated DTT, 50 mM NaCl] in 99.9% D50. All NMR experi-
ments were carried out at 27°C on a Bruker Avance 600
spectrometer. Spectra were processed using NMRPipe (26),
and analyzed using the programs PIPP, CAPP, STAPP
(27), and NMRView (28).

EDTA Titration—EDTA was added in 0.5 mM incre-
ments up to 2.0 mM to 1 mM aliquots of the °N-labeled
wild type and mutant hTFIIEocc in a buffer [20 mM
potassium phosphate (pH 6.0), 30 uM ZnCl,, 5.0 mM
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deuterated DTT, containing 50 mM NaCl] in 90% H,0/10%
D,0. 'H-»N HSQC spectra were taken after each EDTA
addition.

ZnCly Titration—Each sample used in the EDTA titra-
tion experiments was dialyzed against a buffer [20 mM
potassium phosphate (pH 6.0), 5.0 mM DTT, containing
50 mM NaCl] to remove EDTA and ZnCl,. After
removing the precipitate generated during the dialysis

[0] (x10°deg cm? dmol™")

1 |
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Fig. 2. Far UV CD spectra of the wild type and Zn?"-ligand
mutated hTFIIEesc. CD spectra were measured using 15 pM
aliquots of the wild type (WT) and point mutant, C129A, C132A,
C154A and C157A, hTFIIExc in a buffer [10 mM potassium phos-
phate (pH 6.0), 30 pM ZnCly, 1.0 mM DTT] at 25°C.
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by centrifugation, the supernatant was concentrated
using Centriprep (Amicon) up to 0.6 mM. ZnCl, was
added in 0.3 mM increments up to 1.2 mM to 0.6 mM ali-
quots of the ®N-labeled wild type and mutant hTFIIEx«c in
a buffer [20 mM potassium phosphate (pH 6.0), 5.0 mM
deuterated DTT, containing 50 mM NaCl] in 90% H,0/
10% D,0. 'H->N HSQC spectra were taken after each
ZnCl, addition.

RESULTS

All Zn®*-Ligand Mutants Have Characteristic Partially
Folded Structures—CD spectra were measured for the wild
type and mutants of hTFIIEac to examine their secondary
structures. Figure 2 shows that the spectra of C129A and
C132A are similar to each other, and C154A and C157A
also resemble each other in their spectra. Since hTFIIEac is
a small domain with little regular secondary structure,
accurate calculation of the secondary structure content
from a CD spectrum is difficult. So, we estimated relative
ratios of B sheet to random coil. Given that the ratio for the
wild type is 1.00, ones of 0.41 for C129A, 0.47 for C132A,
0.69 for C154A, and 0.65 for C157A were calculated. This
suggests that the C-terminal mutants, C154A and C157A,
contain a larger quantity of folded structure than the
N-terminal ones, C129A and C132A.

Next, 2D 'H NOESY NMR spectra were recorded (Fig. 3).
To check NOE signals between the aromatic and aliph-
atic side-chains clearly, samples were measured in D50O.
hTFIIEac has no tyrosine or tryptophan residues, but has
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Fig. 3. 2D 'H NOESY spectra of the wild type and Zn?"-ligand
mutated hTFIIEac. 2D "H NOESY experiments were performed
using 220 pl aliquots of 0.5 mM wild type (WT) and point mutant,
C129A, C132A, C154A and C157A, hTFIIE«c in a buffer [20 mM
potassium phosphate (pH 6.0), 30 pM ZnCly, 5 mM deuterated
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DTT, 50 mM NacCl] in 99.9% D50 at 27°C. The downfield portions
of the spectra are shown. In the spectrum of the wild type, the
assigned aromatic side-chain signals are linked by a solid line.
NOE signals between the aromatic and aliphatic side-chains are
linked by a broken line.
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five highly conserved phenylalanine ones. They are piled
up on each other (Fig. 1). This aromatic-aromatic
interaction network contributes significantly to the struc-
ture construction (17). Aromatic side-chain signals in the
spectrum of the wild type are well dispersed, and many
NOE signals between the aromatic-aliphatic and also the
aromatic-aromatic side-chains are observed. On the con-
trary, aromatic signals of C129A are degenerated around
6.9 to 7.3 ppm, suggesting striking structure disruption.
Similar signal degeneration is found in the spectrum of
C132A, though fine dispersed signals are observed upfield
at 6.24 ppm and 6.95 ppm. In the spectrum of C154A,
several aromatic signals are dispersed upfield, compared
to those of C129A. In addition, some downfield dispersed
signals are found in the spectrum of C157A. For all mutants
a common observation was that many broadening
signals were detected. This means that their structures
are heterogeneous and chemically exchanging, or aggre-
gated. The retention times of all mutants on size-
exclusion chromatography were a little lower than that
of the wild type, but they did not appear to be polymers
of unknown molecular size on NMR. Although the NOE
signals of all mutants, in particular C129A, are far fewer
than those of the wild type, they suggest local structures
in these mutants.

Asymmetry of Zn>*-Ligand Mutations for the Structure—
The inability to assign signals unambiguously makes it
hard for us to discuss the partially folded structures of
the mutants in detail. To overcome this difficulty and to
characterize the structures, we carefully compared the
spectra of the mutants and wild type. Besides, we were
very interested in the Zn?"-binding ability of all point
mutants, which lack one of four cysteine residues. There-
fore, we carried out EDTA titration experiments for the
wild type and mutants of hTFIIEac, monitoring NMR
1H-'N HSQC. Figure 4 shows that by adding an equiva-
lent molar amount of EDTA to the protein solutions, the
signal dispersion in the spectra of all four mutants and the
wild type completely vanished, indicating that all were
unfolded into the random coil structure. Spectra before
and after adding a 2-fold excess of EDTA are shown in
Fig. 4a. In the C129A spectrum before the addition of
EDTA, most, but not all, signals coincided with the signals
of the random coil structure obtained on the removal of
Zn?". hTFIIEoc has two asparagine and one glutamine resi-
due, so three pairs of amino group signals are observable in
the 'H-'"N HSQC spectrum. While the C129A spectrum
shows four pairs, of which two pairs coincided with the
signals of the random coil structure and the other two
pairs are distinct from the signals of the wild type
(Fig. 4b), suggesting that in C129A the random coil struc-
ture is predominant but is likely to be equilibrated with a
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small quantity of a folded structure coordinating with Zn>".
Hereafter this presumed folded structure is referred to as
S1. In the spectrum of C132A, 104 main-chain signals are
observed contrary to 57 signals in the wild type spectrum
(Fig. 4a). The C132A spectrum is similar to the C129A
spectrum, showing a number of identical signals, intensive
signals originating from the random coil structure and also
the corresponding signals for S1 (Fig. 4b). Beside these
identical signals, C132A exhibits many different dispersed
signals, suggesting a different characteristic folded struc-
ture coordinating with Zn?*, which is designated as S2. The
amino groups of asparagine and glutamine residues in
C132A reflected six pairs; two pairs are identical to the
pairs of S1 found in C129A and two other pairs coincided
with the pairs originating from the random coil structure.
The remaining two pairs are likely to correspond to the
signals of S2. C132A likely equilibrates in three structures:
a very similar structure to S1, a characteristic folded
structure, S2, and the random coil structure as a main
component.

The spectra of C154A and C157A are also similar to each
other, including more dispersed signals and fewer intense
signals compared to the C129A and C132A spectra (Fig. 4a).
Figure 4b shows that for the amino groups of asparagine
and glutamine residues, five pairs are observed in the
C154A spectrum. Two pairs originate from the random
coil structure and the other pairs seem to be caused by
a ZnZ"-coordinating folded structure designated as S3.
C154A is likely to equilibrate between the presumed folded
structure, S3 and the random coil structure, though the
random coil structure is less dominant than in C129A
and C132A. This is consistent with the secondary structure
estimation by CD. The HSQC spectrum of C157A also shows
five pairs of amino groups; two pairs originated from the
random coil structure, however, of the other three pairs two
are found to be same as the pairs corresponding to S3 in
C154A (Fig. 4b). As for the main-chain, 77 signals are
observed in Figure 4a. Most of these signals seem to origi-
nate from a similar structure to S3 and the random coil
structure, but some different signals from these two struc-
tures are also observed, suggesting another different Zn2*-
coordinating structure designated as S4 (Fig. 4b). C157A
likely equilibrates in three structures; a similar structure to
S3 found in C154, the other folded structure, S4 and the
random coil structure. After the EDTA titration experi-
ments, we reciprocally performed ZnCly titration experi-
ments for samples dialyzed to remove EDTA and Zn*".
The addition of ZnCl, restored the dispersed signals and
the addition of an equivalent amount of ZnCl; led to the
same spectra as those before EDTA addition. This indicates
the reversibility of the Zn?*-dependent structure formation
in the mutants as well as in the wild type (data not shown).

Fig. 4. EDTA titration experiments for the wild type and
Zn?"-ligand mutated hTFIIEoc. (a) "H-'N HSQC spectra were
acquired using 220 pl aliquots of 0.5 mM *N-labeled wild type (WT)
and point mutant, C129A, C132A, C154A and C157A, hTFIIEocin a
buffer [20 mM potassium phosphate (pH 6.0), 30 uM ZnCl,, 5 mM
deuterated DTT, 50 mM NaCl] in 90% Hy0/10% D50 at 27°C. Spectra
before (+Zn*") and after (-Zn%*) adding a 2-fold excess of EDTA
to the samples are shown on the left and right sides, respectively.
(b) Structural similarity between mutants. Side-chain signals of

Vol. 138, No. 4, 2005

asparagine and glutamine residues, and dispersed main-chain sig-
nals in the 'H-15N HSQC spectra of the mutants are shown in the
upper and lower panels, respectively. In the upper panels, a pair of
signals is linked by a line. RC: signals coinciding with those in the
spectrum after the addition of EDTA (corresponding to the random
coil structure). S1: common signals observed in the spectra of both
C129A and C132A. S2: signals observed in the only spectrum of
C132A. S3: common signal between C154A and C157A. S4: in only
C157A.
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DISCUSSION

The significance of TFIIEac for TFIIE functions has been
proved by various evidence obtained in mutation works
(13, 17, 29-33). Our previous studies also revealed that
Zn?*ligand cysteine mutants, i.e., C129A, C132A, C154A
and C157A, had dramatically reduced or absolutely no
transcription activity, suggesting the importance of struc-
tural integrity of TFIIEac (17). More noticeable is that
the two N-terminal cysteine mutants, C129A and C132A,
retain about 20% transcription activity on transcription
with the supercoiled template, and the two N-terminal
and two C-terminal cysteine mutants show different bind-
ing abilities as to TFIIFB and the XPB subunit of TFIIH.
Similar asymmetry was found on point mutant analysis of
yeast TFIIEo (29). Since removal of Zn?" from TFIIEac
entirely disrupts its structure and results in the random
coil structure, we are interested in the relationship between
structures and residual transcription activity of mutants,
and the asymmetric effects of the two N-terminal and two
C-terminal cysteine mutants on the transcription activity
and binding ability. To elucidate the functional asymmetry
of cysteine mutants based on the structure, we have
analyzed individual structures of cysteine mutants of
hTFIIEac in comparison with the wild type. Here we dis-
tinguish the characteristic folded structures observed in
the 'H-'N HSQC spectra of mutants as S1, S2, S3 and
S4. However, one should pay attention to such structural
distinction. Because their NMR signals could not be
assigned unambiguously due to line broadening, we had
to rely on only the chemical shift coincidence to distinguish
their structures. So our structural distinction might
involve some ambiguity. Nevertheless, the results clearly
show that the structures of the two N-terminal mutants,
C129A and C132A, are similar to each other with respect to
the extent of NMR signals derived from the random coil
structure and chemical shift agreements of the partially
folded structures, being distinct from the structures of
the wild type and the two C-terminal mutants, C154A
and C157A. This is true for the two C-terminal mutants.
Although this structural similarity pairing can explain
their asymmetric effects on the transcription activity and
binding ability, the structures of C129A and C132A are
almost denatured, a small quantity of one or two charac-
teristic folded structures, S1 and S2, being retained, and
C154A and C157A retain one or two characteristic folded
structures, S3 and S4, equilibrated with a small quantity of
the random coil structure. All of the presumed character-
istic folded structures of S1, S2, S3 and S4 coordinate with
Zn*" and are entirely distinct from the native structure
of the hTFIIEac wild type as judged from their NOESY
and 'H-'°N HSQC spectra. At first we assumed that the
residual transcriptional activity of the two N-terminal
mutants, C129A and C132A, on transcription on the
supuercoiled template was caused by a native-like folded
structure partly existing in the mutants, whereas the lack
of transcription activity of the two C-terminal mutants,
C154A and C157A, was due to the completely disrupted
random coil structure. Thus, the structures of the Zn?'-
ligand mutants of hTFIIEac, as revealed by CD and
NMR, were not anticipated by us. One possible explanation
is that the denatured structure of h"TFIIEac could be folded
partially into a native-like structure during transcription
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on the supercoiled template; C129A and C132A partially
retain the transcription activity. In contrast, C154A and
C157A possess a characteristic incorrect folded structure
such as S3, different from the native structure, which
might inhibit transcription initiation on the supercoiled
template. If this were true, the wild type TFIIE may exhibit
some weak activity in the absence of Zn?". However, to
examine this idea is difficult, because some factors that
are necessary for transcription activity coordinate with
Zn?*. Even if we can prepare the wild type TFIIE with
Zn?* removed, coordination with Zn%* from other factors
may occur. Even C129A and C132A lost all transcription
activities on the linear template, for which the transition
from initiation to elongation for both TFIIE and TFIIH is
necessary. Therefore the structural integrity of hTFIIEac
is absolutely required for TFIIE functions, especially in
the transition step, which needs complicated interplay
between TFIIE, TFIIF, TFIIH and Pol II. The changes
in the binding ability of the cysteine mutants as to TFIIF
and the XPB subunit of TFITH we observed in our previous
studies suggest the potential of TFIIEac to affect the
interaction among TFIIE, TFIIF and TFIIH (17). Hence,
we propose that TFIIEac regulates positional changes of
TFIIF and TFIIH by altering the relative configuration of
the intramolecular domains of TFIIE.

The Zn?"-binding site of hTFIIEuc is similar to the cor-
responding sites of zinc ribbon structures (18-24). How-
ever, the dependence on the Zn?*-binding for structure
maintenance seems to be different. A recent study on the
zinc ribbon structure of the N-terminal domain of human
TFIIB revealed that the overall backbone fold of the Zn?*-
free state was essentially identical to that of the Zn?*-bound
one (34). In the case of h\TFIIEoc, the absence of Zn?* gives
it the random coil structure. Whether Zn**-free TFIIB is
functional remains unknown.

The structural features of the mutants revealed in this
work will allow interpretation of the results of various
mutation analyses of the Zn?*-binding site of TFIIE
(138, 17, 29-33), however, we need further study to deter-
mine the exact role of the zinc ribbon structure of TFIIEx in
transcription.
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