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Abbreviations 
 
 
CD   circular dichroism 
DSS   4,4-dimethyl-4-silapentane-1-sulfonic acid 
DTT   dithiothreitol 
GST   glutathione S-transferase 
HSQC  heteronuclear single-quantum coherence 
IDP   intrinsically disordered protein 
IPTG  isopropyl-β-D-thiogalactopyranoside 
Ka   association constant 
kex   exchange rate constant 
L3A3   Sp1 L467A/L469A/L472A mutant 
Ni-NTA  nickel-nitrilotriacetic acid 
NOE  nuclear Overhauser effect 
PF   Photon Factory 
Q-domain glutamine-rich domain 
QNA3  Sp1 Q468A/Q470A/N471A mutant 
Rg   radius of gyration 
SAXS  small-angle X-ray scattering 
Sp1   specificity protein 1 
SPR   surface plasmon resonance 
TAF4  TBP-associated factors 4 
TAF4N/C central fragment protein corresponding to human TAF4 (408 and 838) 
TBP   TATA box-binding protein 
TFIID  transcription factor IID 
Ub   human ubiquitin 
WA   Sp1 W464A mutant 
YUH-1  yeast ubiquitin hydrolase-1 
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Preface 
 The expression of genes is controlled in a temporally and specifically coordinated 
manner, and this precise regulation is accomplished predominantly at the level of 
transcription. A gene in a eukaryotic cell typically consists of two types of DNA 
elements: a common core-promoter element that is proximal to the transcription start 
site, and gene-specific enhancer sequences that are located at more distal positions1. The 
core-promoter element is recognized by the general transcriptional machinery to form a 
pre-initiation complex, which contains RNA polymerase II and the general transcription 
initiation factors TFIIA, -B, -D, -E, -F, and -H2,3 (Fig. P-1). 
 In contrast, enhancer elements are recognized by gene-specific transcriptional 
regulators, which typically consist of a DNA-binding domain and one or more 
activation domains4,5. In the absence of these activators, the expression of most genes in 

vivo is silenced by the chromatin structure as well as the effects of other repressors. 
Furthermore, RNA polymerase II and cognate general initiation factors, without the aid 
of activators, only exhibit a low level of transcriptional activity in vitro. Therefore, the 
mechanisms by which enhancer selective transcriptional factors stimulate the 
transcriptional activity of the general transcriptional machinery need to be elucidated in 
order to obtain a detailed understanding of the regulation of gene expression. 
 The general transcription factor TFIID is considered to play a central role during 
the formation of a pre-initiation complex because it is the first component to recognize 
and bind the core promoter, and also provides a scaffold upon which the remaining 
transcriptional factors assemble6–8 (Fig. P-1). TFIID is a multisubunit complex 
comprising the TATA box-binding protein (TBP) and multiple TBP-associated factors 
(TAFs)9–11. TAFs have been identified biochemically as stably associating components 
with TBP and were originally named according to their molecular weight in 
electrophoresis12. A number of genetic and biochemical approaches have revealed that 
TAF4 (also known as TAFII130 or TAFII135 in humans, and TAFII110 in Drosophila) 
interacts with cellular transcriptional activators such as Sp1 and the cAMP-response 
element-binding protein (CREB)13–15. These interactions are considered to participate in 
the recruitment of the pre-initiation complex to the promoter, thereby increasing 
transcriptional levels. 
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Figure P-1. Schematic diagram of transcription initiation. Sp1 and GC-box are colored 
in red and green, respectively. TAF4 and TFIID are colored in light blue, and the 
general transcription factor complex, TATA-box and RNA polymerase II are colored in 
orange. Gray line represents DNA and “Q” colored in green shows Q-domains. Zinc 
fingers (ZF) in Sp1 binds to GC-box on DNA. 

In order to initiate transcription, the complex of general transcription factors 
recruits RNA polymerase II to the transcription initiation site. TFIID bound to 
TATA-box on DNA is a component of the general transcription factor complex. TFIID 
is also a multisubunit complex composed of TBP and several TAFs, including TAF4.  
Sp1 and TAF4 are reported to interact each other through their Q-domains. 

 
 

 Although the homologues of TAF4 in humans (hTAFII130/135) and that in 
Drosophila (dTAFII110) show limited sequence similarities16,17, they share several 
functional and structural properties13. Previous studies revealed that Drosophila 
dTAFII110 directly interacts with the human transcriptional activator Sp1 and enhances 
the transcriptional levels of the genes located downstream13,18. A sequence analysis 
showed that both proteins contain four glutamine-rich domains (Q-domains) (Q1,Q2, 
Q3 and Q4), as well as two highly consensus regions, CI and CII with similarities of 
68% and 72%, respectively15 (Fig. P-2A). An in vitro binding analysis and yeast 
two-hybrid assays indicated the involvement of one or more of the four Q-domains, 
Q1-Q4, in interactions with transcriptional activators. The central region of human 
TAF4 (written in “TAF4N/C” in this study described as Fig. P-2A) was found to be 
sufficient for interactions with the activation domain of human Sp117. 
 The promoter-specific transcription factor Sp1 is expressed ubiquitously and plays 
a primary role in regulating the expression of many genes19–21. Genetic and biochemical 
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studies on Sp1 have identified two potent activating regions, termed QA and QB, both 
of which are characterized by an abundance of glutamine residues22,23 (Fig. P-2B). Sp1 
also possesses three C2H2-type zinc fingers at the C-terminal (Fig. P-2B), which interact 
with GC-boxes on the target gene located distally from the transcriptional initiation 
site24. The interaction between Sp1, which recognizes and binds the upstream GC-box, 
and TAF4 in the general transcriptional factor via each Q-domain is considered to be 
important for the recruitment of RNA polymerase II to the transcription initiation site as 
well as the activation of transcription (Fig. P-1). 
 
 
 
 
 
 
 
 
 
 
 
Figure P-2. (A) Schematic drawing of the primary structure of human TAF4 
(hTAFII130). Four Q-domains present in the molecule, Q1, Q2, Q3 and Q4, are 
indicated in gray. The positions of the highly conserved regions CI between Q2 and Q3, 
and CII at the C-terminus are also indicated. The region of “TAF4N/C”, which used in 
this study as containing all Q-domains, is indicated by a two-direction arrow. The 
region of fragment proteins of TAF4N/C, Q12, CI and Q34 also indicated (see chapter 1 
and 2). TAF4-Q12 is also divided into two fragments, TAF4-Q1 and TAF4-Q2 (see 
chapter 2). (B) Schematic representation of the primary sequence of the transcription 
factor Sp1. Two Q-domains, Sp1-QA and Sp1-QB, and three zinc finger domains are 
indicated in gray and black, respectively. Sp1-QB is divided into two fragments, 
Sp1-QBn and Sp1-QBc (see chapter 1 and 2). 
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 In chapter 1, the author revealed that the each Q-domain in Sp1 and TAF4 is 
intrinsically disordered protein (IDP) by the experiments using high-resolution NMR, 
small angle X-ray scattering (SAXS) and circular dichroism (CD) spectroscopy. IDPs 
have neither regular secondary nor tertiary structures under physiological conditions25. 
An increasing number of IDPs has recently been found in many organisms, particularly 
higher eukaryotic organisms.  

While an IDP is largely unstructured by itself, marked conformational changes 
often occur upon binding to an interacting partner in general, which is known as the 
“coupled-folding and binding mechanism”. High-resolution multidimensional NMR 
provides the chemical shift values of 1H, 15N and 13C. 1H and 15N chemical shifts of 
amide group in each amino acid constructing that protein reflect sensitively the 
environment around that amide group. On the other hand, 13C chemical shift values of 
the main chain and side chain are mainly affected by the secondary structure of that 
amino acid residue. In chapter 2, the author elucidated the binding site, interaction mode 
and association constant in the interaction between Q-domains in Sp1 and TAF4 by 
using multidimensional NMR. The author also measured association constant of the 
interaction by SPR experiments. Both methods showed that the association constant was 
on the order of 104 M-1, which suggested that the interaction was relatively weak. 
 In order to elucidate mechanisms of molecular recognition of Sp1 by TAF4 
through their Q-domains, the author analyzed the interaction between several mutant 
proteins of Sp1 and TAF4-Q12 in chapter 3. By analyzing the 1H-15N HSQC spectra, 
{1H}-15N NOE values and 13C chemical shift changes in detail, the author confirmed 
that a clustering of hydrophobic residues was important for the interaction. On the basis 
of these observations, the author proposed a model, in which wild type Sp1-QBc is in 
fast equilibrium between two states. One can bind to TAF4-Q12 and has low mobility, 
and the other cannot bind and has high mobility, which can describe the results obtained. 
Moreover, the author also assumed that the wild type Sp1-QBc had allosteric effect in 
the presence of TAF4-Q12. 
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Chapter 1 
NMR analysis of transcriptional activation domains in Sp1 and TAF4 
 
1-1. Introduction 
 The expression of eukaryotic genes is precisely controlled by interactions between 
general transcriptional factors and promoter-specific transcriptional activators. 
Interactions between the fourth element of TATA-box binding protein-associated factor 
(TAF4), an essential subunit of the general transcription factor TFIID, and site-specific 
transcriptional activators, such as Sp1, are considered to be important for regulating the 
expression levels of genes of interest13. Early biochemical and genetic studies indicated 
that the glutamine-rich domains (Q-domains) in Sp1 are responsible for the interaction 
with Q-domains in TAF417 (Fig. P-1).  

Q-domains are characterized by a high degree (25% or more) of glutamine residues 
in the primary sequence. Moreover, they have been detected in many 
transcription-activating proteins, and are considered to represent one of the common 
motifs involved in molecular interactions26,27. The two Q-domains in Sp1 (Sp1-QA and 
-QB) (Fig. P-2B) and four in TAF4 (TAF4-Q1, -Q2, -Q3 and -Q4) (Fig. P-2A) are also 
considered to be important for the interaction between these proteins28. Sp1 also 
contains three zinc fingers of C2H2-type at N-terminal29 and TAF4 also contains two 
highly conserved regions (CI and CII) 30,31, as shown in Fig. P-2A. 
 Although previous genetic and biochemical studies showed that Sp1 and TAF4 
interacted with each other via Q-domains in vitro and in vivo, the molecular structures 
of these proteins remain unclear, and quantitative analyses on this interaction are limited. 
In this chapter, the author investigated the molecular architectures of the Q-domains in 
Sp1 and TAF4 using high-resolution NMR spectroscopy, CD and small angle X-ray 
scattering (SAXS) experiments. The author found that the isolated Q-domains of Sp1 
and TAF4 were classified as intrinsically disordered proteins (IDPs), which have neither 
regular secondary nor tertiary structures under physiological conditions25.  
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1-2. Materials and Methods 
 
Materials 

15N-Ammonium chloride and deuterium oxide (D2O) were purchased from SI 
Science (Saitama, Japan). Other reagents were purchased from Nacalai Tesque (Kyoto, 
Japan). 
 
Protein expression and purification  
 There are several GenBank entries for the sequence of human Sp1, and the author 
followed the numbering of amino acid residues for “isoform a” composed of 785 
residues (NCBI Reference Sequence: NP_612482.2). 
 The gene of human TAF4 is also found as several entries in the database. Previous 
biochemical studies have referred to the sequence reported by Tanese et al.15, which 
corresponds to a protein of 947 amino acid residues (GenBank entry of U75308). By 
using this sequence, the central region (residues from 270 to 700) of human TAF4 
(hTAFII130) was found to be sufficient for interactions with the activation domain of 
human Sp117. The author herein prepared the fragment protein corresponding to the 
same region (from 270 to 700) of human TAF4, and referred to it as TAF4N/C. 
However, the author used a different entry for the sequence encoding a protein with 
1085 residues (NCBI Reference Sequence: NP_003176.2), and thus, the numbering of 
amino acid residues differs from those in previous studies (from 408 to 838 in this 
study). The chemically synthesized DNA encoding the central region of TAF4 
[408-838], in which codon usage was optimized for E. coli B-strain, was purchased 
from Life Technologies (CA, USA). 

The expression plasmids for Sp1-QA (Sp1 [153-215]) was constructed as fusion 
proteins with glutathione S-transferase (GST) at the N-terminal by inserting the gene of 
interest into the pGEX-1N (Amrad, Hawthorn, Australia) or modified pGEX-3X vector. 
The protein contained factor Xa cleavage site (Xa-site) followed by the three-residue 
N-terminal extension and C-terminal extension of a FLAG-octapeptide-tag followed by 
a hexahistidine-tag (His6-tag). The pGEX-Sp1-QA vector obtained was introduced into 
the E. coli strain BL21(DE3)pLysS. 

The expression plasmids for Sp1-QB (Sp1 [349-495]), TAF4N/C, and TAF4-Q12 
(TAF4 [408-557]) were constructed as fusion protein with human ubiquitin (Ub) 
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contained N-terminal extension of a His6-tag. The encoding region for TAF4N/C, 
TAF4-Q12 and TAF4-Q34 were amplified by PCR to introduce recognition sites for 
Bsp TI at the 5’-end and Eco RI at the 3’-end. The each amplified DNA fragment was 
inserted into the pET-His6-Ub expression vector between the Bsp TI and Eco RI sites. 
The pET-His6-Ub-Sp1-QB, pET-His6-Ub-TAF4N/C and pET-His6-Ub-TAF4-Q12 
vectors obtained were introduced into the E. coli strain Rosetta2(DE3)pLysS purchased 
from Novagen (Darmstadt, Germany).  

The expression plasmids for TAF4-CI (TAF4 [554-669]) and TAF4-Q34 (TAF4 
[666-838]) were constructed with a His6-tag followed by Xa-site at the N-terminus. The 
encoding regions for TAF4-CI and TAF4-Q34 were amplified by PCR to introduce the 
recognition sites for Bsp TI at the 5’-end and Eco RI at the 3’-end. The amplified DNA 
fragment for each was inserted into the pET28-His6-Xa vector between the Bsp TI and 
Eco RI sites. The pET28-His6-Xa-TAF4-CI and pET28-His6-Xa-TAF4-Q34 vectors 
obtained were introduced into E. coli strain BL21-Gold(DE3).  

Transformed bacteria were grown in Lucia broth medium. Uniformly 15N-labeled 
proteins were prepared from cells grown in M9 minimal medium with 0.5 g/L 
[15N]-NH4Cl. Bacterial cells were grown at 37 °C, and isopropyl-β-D- 
thiogalactopyranoside (IPTG) was added to the medium when the absorbance at 600 nm 
reached 0.6. After the IPTG was added, cells were further incubated at 37 °C for 3 hr. 
Cells were harvested by centrifugation at 5,000 g for 15 min at 4 °C.  

The collected bacterial cells were suspended in buffer A (300 mM NaCl, 50 mM 
sodium dihydrogen phosphate, 50 mM di-sodium hydrogen phosphate, pH 8.0) 
containing 1 mM phenylmethanesulfonyl fluoride, and disrupted by sonication with 
intermittent pulses for 1 min (pulse of 0.5 s, interval of 0.5 s, output level of 7) three 
times using an ultrasonic disruptor equipped with a TP-012 standard tip (UD-201, 
Tomy, Tokyo, Japan). The cell debris was removed by centrifugation at 10,000 g for 60 
min at 4 °C, and the cell extract was loaded onto Ni-NTA resin. The column was 
washed with buffer A containing 20 mM imidazole, and bound protein was eluted with 
buffer A containing 500 mM imidazole.  

In the case of Sp1-QA, the eluted protein was dialyzed against buffer B (140 mM 
NaCl, 20 mM sodium dihydrogen phosphate, 20 mM di-sodium hydrogen phosphate, 
pH 7.3), and digested by a protease factor Xa (Novagen) to cleave the peptide bond 
between the GST-tag and Sp1-QA. The protein was incubated for 16 hr at 20 °C at a 
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ratio of 1 unit of enzyme per 400 µg of substrate protein. The digested protein mixture 
was loaded onto Glutathione Sepharose 4B (GE Healthcare UK, Ltd, Buckinghamshire, 
England), and flow-through fractions were collected. After the GST-tag moiety was 
removed, the Sp1-QA was further purified by size-exclusion chromatography using a 
column of Superdex 75 10/300 GL (GE Healthcare) equilibrated with buffer B. The 
purity of the protein was confirmed to be >95% by size-exclusion chromatography and 
SDS-PAGE. The purified proteins were collected and concentrated with Amicon Ultra 
(Millipore, MA, USA), and stored at 4 °C. 

In the case of Sp1-QB, TAF4N/C and TAF4-Q12, the eluted protein was dialyzed 
against buffer A, and digested the yeast ubiquitin carboxyl-terminal hydrolase 1 
(YUH-1)32,33. The enzyme was added to the dialyzed substrate protein at a ratio of 1 mol 
of enzyme per 0.5 mol of TAF4N/C and per 2 mol of Sp1-QB and TAF4-Q12, 
respectively. The protein mixture containing the enzyme and 1 mM DTT was incubated 
at 37 °C for 4 hr. The digested protein was added with solid ammonium sulfate up to 
18% saturation, and the precipitate was collected by centrifugation at 25,000 g for 60 
min. Precipitated protein was dissolved in buffer A and dialyzed against buffer A. The 
protein was purified by Ni-NTA and then further purified by size-exclusion 
chromatography in the same way as Sp1-QA. 

In the case of TAF4-CI and TAF4-Q34, the eluted protein was dialyzed against 
buffer B, and digested by a protease factor Xa to cleave the peptide bond between the 
His6-tag and TAF4-CI or TAF4-Q34. The protein was incubated for 16 hr at 20 °C at a 
ratio of 1 unit of enzyme per 200 µg of substrate protein. The digested protein mixture 
was added with solid ammonium sulfate up to 30% saturation for TAF4-CI and 18% for 
TAF4-Q34, and the precipitate was collected by centrifugation at 25,000 g for 60 min. 
Precipitated protein was dissolved in buffer A and dialyzed against buffer A. The 
protein was purified by Ni-NTA and then further purified by size-exclusion 
chromatography in the same way as Sp1-QA. 
 
NMR experiments 
 NMR spectra were measured on a Bruker DMX600 spectrometer at 4 °C equipped 
with a triple-axis gradient and triple-resonance TXI probe. The sample concentration 
was 50 µM 15N-labeled protein in buffer B containing 10% D2O. Spectra were 
processed with nmrPipe and analyzed with nmrDraw 34. 
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CD spectroscopy 
 CD spectra were measured on a Jasco J-820 spectropolarimeter. A standard quartz 
cell with an assembling cell composed of a pair of quartz plates with a 0.1-mm path 
length, which had been calibrated by measuring the absorption of a protein solution 
with known concentration, was used to record spectra at each protein concentration of 
50 μM in buffer B. The results obtained were expressed as apparent ellipticity with the 
unit of millidegrees (mdeg).  
 
Small-Angle X-ray Scattering (SAXS) 
 SAXS measurements were performed with the spectrometer installed at BL-10C of 
Photon Factory (PF), a synchrotron radiation facility of Institute of Materials Structure 
Science, High Energy Accelerator Research Organization (KEK). The scattering 
intensity in a q-range between 0.02 and 0.2 Å–1 was recorded with PILATUS 2M 
detector. The q-range is estimated by the diffraction from the standard sample, silver 
behenate. Here, (q = 4πsinθ/λ, where 2θ and λ (= 0.1488 nm) is the scattering angle and 
the X-ray wavelength, respectively. Measured two-dimensional data were converted 
into one-dimensional one by circulation average and then the scattering profile, I(q), of 
protein was obtained by the standard procedure of data correction for cell and 
background scatterings, transmission, and beam intensity. 
 During the X-ray exposure, the protein solutions were continuously flowed in a 1 
mm thickness cell with the rate of 0.3 μL/s to avoid the radiation damage by the X-ray 
beam. It is confirmed that all samples were free from the radiation damage in the 
exposure time of 120 sec. 
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1-3. Results 
1-3-1. 1H-15N HSQC spectra of Q-domains in Sp1 and TAF4 

In order to reveal features of Q-domains in Sp1 and TAF4 in detail by using 
high-resolution NMR spectroscopy, the author first measured 1H-15N HSQC spectra of 
Sp1-QA, Sp1-QB and TAF4N/C in buffer B (140 mM NaCl and 20 mM 
sodiumphosphate, pH 7.3) under physiological conditions, that is, at pH 7.3 and 37 °C. 
However, the signal-to-noise ratio was considerably low in all spectra (the spectra of 
Sp1-QA and Sp1-QB are not shown, and the spectrum of TAF4N/C is shown in Fig. 
1-1A). In order to find the optimal conditions for the analysis, the author measured 
1H-15N HSQC spectra of Sp1-QA, Sp1-QB (data not shown) and TAF4N/C (Fig. 
1-1A-C) at various temperatures with fixed pH, and found that signal intensity 
markedly increased at lower temperatures at pH 7.3.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1-1. 1H-15N HSQC spectra of TAF4N/C measured at pH 7.3 and 37 °C (A), 
25 °C (B) and 4 °C (C), respectively. The concentration of 15N-TAF4N/C was 50 µM. 
The number of peaks increased as the temperature decreased. 
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The author partly attributed these behaviors to the rapid exchange of amide 
hydrogen with solvent water at higher temperatures because the decrease in intensity 
was more significant for amide signals than aliphatic protons (Fig. 1-2). This was 
reasonable if rigid hydrogen bonds were lacking in these proteins. Therefore, the author 
performed NMR experiments under nearly physiological condition at pH 7.3 and 4 °C 
in chapter 1. The author confirmed that the deference in temperature (37 °C and 4 °C) 
did not affect the structure of these proteins using CD spectroscopy as described in 
detail in the next section 1-3-2. 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 1-2. 1D 1H NMR spectra of TAF4N/C recorded at 4 °C, 25 °C and 37 °C. The 
concentration of 15N-TAF4N/C was 50 µM. Left and right panels correspond to the 
region of amide and aliphatic protons, respectively. 

 
 
In order to elucidate the structural features of the Q-domains of Sp1 (QA and QB) 

and TAF4N/C expressed in E. coli, the author measured the 1H-15N HSQC spectra under 
nearly physiological conditions at pH 7.3 and 4 °C. All resonance peaks were poorly 
dispersed along the 1H chemical shift axis and appeared within the range of 8.5 and 7.5 
ppm, indicating that the protein had neither secondary nor tertiary structures that were 
stabilized by regular hydrogen bonds and the rigid packing of side chains (Fig. 1-3). 
This result suggests that all Sp1-QA, Sp1-QB and TAF4N/C are intrinsically disordered 
under the conditions examined. 
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Figure 1-3. 1H-15N HSQC of Sp1-QA (A), Sp1-QB (B) and TAF4N/C (C) measured at 
4 °C and pH 7.3. Panel C is the same as Fig.1-1C except for the display range. The 
concentrations of the proteins were 50 µM. 
 
 

In order to confirm that these proteins are indeed intrinsically disordered, the 
author prepared three fragment proteins by dividing the full-length TAF4N/C into three 
parts (TAF4-Q12, TAF4-CI and TAF4-Q34 shown in Fig. P-2A) and measured 1H-15N 
HSQC spectra of these fragments under the same conditions. The superposition of 
1H-15N HSQC spectra obtained by three fragment proteins was almost identical to the 
spectrum of whole TAF4N/C (Fig. 1-4). This result indicates the absence of any 
significant interaction between the fragment proteins, the “dividablity” of the whole 
protein into segments, and the “reproducibility” of the characteristics of the whole 
protein, which was consistent with TAF4N/C being largely disordered under the 
conditions examined. 
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Figure 1-4. (A) 1H-15N HSQC spectrum of 15N-TAF4N/C recorded at pH 7.3 and 4 °C. 
(B) Overlay of the 1H-15N HSQC spectra of 15N-TAF4-Q12 (red), 15N-TAFF4-CI 
(green), and 15N-TAF4-Q34 (blue) recorded separately at pH 7.3 and 4 °C. The 
concentrations of all the proteins were 50 µM. Panel A is the same as Fig. 1-1C, which 

is shown for comparison to panel B. 
 
 
1-3-2. CD spectra of Q-domains in Sp1 and TAF4 
 In order to confirm the result of the NMR spectra, in which all of Q-domains in 
Sp1 and TAF4 were IDPs, the author examined the secondary structures of Sp1-QA, 
Sp1-QB and TAF4N/C by CD spectra (Fig. 1-5A-C). Also, to investigate that the 
temperature did not affect the structure, CD spectra were measured under physiological 
condition, at pH 7.3 and 37 °C. Whereas the signal intensities of NMR spectra are 
markedly affected by the experimental conditions such as temperature and pH value, 
those of CD spectra are not affected by these conditions. Therefore it is possible to 
obtain the spectra at any temperature and pH conditions. The CD spectra of both 
Sp1-QA and Sp1-QB showed a deep minimum at slightly less than 200 nm, suggesting 
that these proteins were largely disordered. On the other hand, the spectrum of 
TAF4N/C showed a large minimum around 208 nm as well as a small but significant 
shoulder around 222nm, suggesting that the protein is not fully but partially disordered.  

The author also measured CD spectra of TAF-Q12, TAF4-CI and TAF-Q34 
separately to elucidate structural features of TAF4N/C further as well as NMR spectra. 
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The both spectra of TAF4-Q12 and TAF4-Q34 represented to be disordered (red and 
blue lines in Fig. 1-5D, respectively). On the other hand, the CD spectrum of TAF4-CI 
showed large double minima at 222 and 208 nm (black line in Fig. 1-5D), suggesting 
that it adopts a predominantly α-helical structure. This was consistent with the X-ray 
crystallographic study, which indicated that the protein consisted of a five-helix “wedge” 
structure with a large hydrophobic groove30. The CD measurements of Q-domains in 
Sp1 and TAF4 under physiological condition showed that these Q-domains were IDPs. 
This result was the same as the results of NMR experiments measured under nearly 
physiological condition, at 4 °C.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-5. (A-C) Far-UV-CD spectra of Sp1-QA (A), Sp1-QB (B) and TAF4N/C (C). 
(D) Far UV-CD spectra of TAF4-Q12 (red), TAF4-CI (black), and TAF4-Q34 (blue). 
The concentrations of the proteins were 50 µM. 
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1-3-3. SAXS analysis of Q-domains in Sp1 and TAF4 
 In order to further elucidate the structures of Sp1-QA, Sp1-QB and TAF4N/C at 
pH 7.3, the author also performed SAXS experiments that provide overall 
conformational properties of protein molecules. The author first plotted the logarithm of 
scattering intensity (I(q)) against the square of magnitude of scattering vector (q2) (Fig. 
6A). It is known that in the very narrow q-region (< 1.3/Rg), the linear dependency of 
I(q) against q2 (Guinier plot) provides the radius of gyration (Rg) of the solute. From the 
Guinier plot shown in Fig. 6A, the Rg values for Sp1-QA, Sp1-QB and TAF4N/C were 
estimated to be 25.6 ± 1.5, 36.2 ± 0.3 and 49.0 ± 7.4 Å, respectively. In the case of 
Sp1-QA and Sp1-QB, these experimental values were in good agreement with those 
expected for the urea or guanidine hydrochloride denatured states of ~30 and ~40 Å, 
which were estimated for proteins with 92 and 172 amino acid residues35. On the other 
hand, the Rg value of TAF4N/C was significantly smaller than that expected for the urea 
or guanidine hydrochloride denatured state of protein with 431 amino acid residues 
(~70 Å)35. These results suggest that both Sp1-QA and Sp1-QB were largely disordered 
under the physiological conditions, that is, these proteins were typical IDPs, which was 
also consistent with that by the NMR experiments (1-3-1). On the other hand, TAF4N/C 
was shown to have bipartite aspects, that is, two largely disordered regions (TAF4-Q12 
and TAF4-Q34) are connected by predominantly α-helical region (TAF4-CI), which 
was consistent with the CD spectra of the fragment proteins of TAF4N/C (Fig. 1-5D). 
 The author then expressed the scattering profile of these proteins by the Kratky 
plot, which provides the information on the overall shape of the protein (Fig. 6B). The 
Kratky plot for the typical native conformation with a globular shape exhibits a distinct 
peak, the position of which is dependent on Rg, while the plot for a molecule with 
random-coil like structure gives a plateau and then raises monotonically36. None of the 
plot for Sp1-QA, Sp1-QB and TAF4N/C showed any clear peaks, suggesting that these 
proteins are largely disordered, which was in accord with the conclusion from NMR and 
CD spectra. 
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Figure 1-6. (A) The Guinier plots of SAXS of Sp1-QA (black), Sp1-QB (blue), and 
TAF4N/C (red) shown in open circles. The solid lines indicate the results of linear curve 

fitting for the data within the Guinier-region (q × Rg < 1.3). (B) The Kratky plots of 
Sp1-QA (black), Sp1-QB (blue), and TAF4N/C (red). In panel A and B, the 
concentrations of all the proteins were 2 mg/mL. 
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1-4. Discussion 
1-4-1. Structural features of Q-domains in Sp1 and TAF4 
 Q-domains, which are often found in transcription factors, are characterized by a 
high degree (25% or more) of glutamine residues in the primary sequence. The NMR 
experiments showed that Q-domains in Sp1, QA and QB, and Q-domains in TAF4 were 
intrinsically disordered under nearly physiological conditions at 4 °C and pH 7.3. The 
reason why the author performed NMR characterizations of these domains at 4 °C is 
because the peak intensities in the 1H-15N HSQC spectra were markedly decreased at 
higher temperatures (Fig. 1-1). In order to confirm no effect of temperature on the 
structure of Q-domains, CD spectra were measured instead of NMR spectra. CD spectra 
measured under the physiological conditions at 37 °C and pH 7.3 showed that 
Q-domains in Sp1 and TAF4 were in random-coil state as well as NMR spectra at 4 °C 
and pH 7.3 (Fig.1-5A-C). Since the result from CD spectra under the physiological 
condition was identical with that from NMR spectra under the nearly physiological 
condition, while CD spectrum shows just overall structure of a protein, the author 
considers that the “nearly physiological condition” at pH 7.3 and 4 °C is virtually the 
same as “physiological condition” at pH 7.3 and 37 °C, and that these Q-domains are 
IDPs. 
 The native structure of a globular protein is characterized by well-ordered 
secondary structures stabilized by hydrogen bonds, which are typically buried inside the 
protein molecule, otherwise they are destabilized by non-specific hydrogen bonding 
with the surrounding water molecules. The interior of a water-soluble protein molecule 
mostly consists of hydrophobic amino acids, which is referred to as a “hydrophobic 
core”, and its formation is involved in the specific and rigid packing of side chains of 
amino acids. Therefore, a certain number of hydrophobic residues are necessary for the 
formation of a typical “native” structure37. The Q-domains in Sp1 and TAF4 may not 
have had a sufficient number of hydrophobic residues because of the large number of 
glutamine residues. 
 
 
1-4-2. TAF4N/C and Sp1-QB may be divided into several fragment proteins 

The author confirmed the “dividablity” of the whole protein into segments and the 
“reproducibility” of the characteristics of the whole protein by these fragmented 
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proteins using 1H-15N HSQC spectra. The superposition of the 1H-15N HSQC spectra of 
the three fragment proteins, TAF4-Q12, TAF4-CI, and TAF4-Q34 (see Fig. P-2A), was 
indistinguishable from the spectrum of TAF4N/C (Fig. 1-4). Furthermore, the author 
and colleagues has elucidated previously that Sp1-QB was also successfully divided 
into two parts, Sp1-QBn and Sp1-QBc (see Fig. P-2B)38. These results were not 
surprising because many proteins are built of structural “domains” that are formed by a 
group of residues located spatially close to each other. These structural domains are 
known to form a compact three-dimensional structure, which often may be 
independently stable and folded from other parts of the molecule. These disordered 
protein fragments may be divided without the loss of structure and function. Similarly 
to the results of NMR and CD spectra, these results also indicated that the Q-domains in 
TAF4 and Sp1 were classified as typical IDPs without any rigid secondary or tertiary 
structures.  

 
 

1-4-3. TAF4N/C was partially structured, but largely disordered 
Based on the 1H-15N HSQC spectrum of TAF4N/C and the fragmentation 

experiments, the author concluded that TAF4N/C was classified as an IDP. On the other 
hand, other experimental observations suggest the presence of partially structured 
regions in TAF4N/C. One of them was the CD spectrum of TAF4N/C, which showed a 
small, but significant shoulder around 222 nm, indicating the presence of some amount 
of α-helical structure (Fig. 1-5C). Another argument was based on the Rg value, which 
was estimated by a Guiner plot of SAXS measurements (Fig. 1-6A). The Rg value 
calculated by experimental data (49.0 ± 7.4 Å) was significantly smaller than that 
expected for the fully denatured state of the protein with 431 amino acid residues 
estimated by a collection of urea or guanidine hydrochloride denatured proteins (~70 
Å)35. 

These apparent discrepancies may be rationalized by measuring the CD spectra of 
three fragment proteins separately (Fig. 1-5D). Two fragment proteins that are 
dominated by the Q-rich sequences, TAF4-Q12 and TAF4-Q34, showed deep minima 
at less than 200 nm, suggesting that these two regions are largely disordered. On the 
other hand, the fragment protein corresponding to the highly conserved region, 
TAF4-CI, showed deep minima at 222 and 208 nm, which are characteristics of proteins 
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with predominantly α-helical structure. This result was in good agreement with the 
X-ray crystallographic study, which indicated that the protein consists of a five-helix 
“wedge” structure30. Therefore, the author considered the structure of TAF4N/C to be 
“bipartite”, consisting of two highly disordered segments of the Q-rich sequence 
connected by a highly conserved α-helical structure located in the center of the 
molecule. 
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Chapter 2 
Identification of heteromolecular binding sites in transcription factors Sp1 and 
TAF4 using NMR spectroscopy 
 
Abstract 
 

Previous genetic and biochemical studies showed that Sp1 and TAF4 interacted 
with each other via their Q-domains. The interaction site between Sp1 and TAF4 has 
been estimated by yeast two-hybrid assays using several deletion mutants. Note that this 
method evaluates the interaction between proteins by the relative expression level of the 
reporter gene, and a quantitative analysis is difficult. 

Multidimensional NMR spectra provide the precise chemical shift values of 1H, 
15N and 13C. 1H and 15N chemical shift values sensitively reflect changes in the 
environment surrounding the nuclear spin. Therefore, changes in the 1H and 15N 
chemical shift values upon the addition of the unlabeled protein directly reveal the 
interaction between the proteins, as well as a possible conformational change. On the 
other hand, 13C chemical shift analysis is useful for identifying the conformation 
changes of main chain, since 13C chemical shifts reflect dihedral angles of main chain of 
proteins. 

In chapter 2, the author investigated the interaction between Q-domains in Sp1 and 
TAF4 using multidimensional NMR spectroscopy. The author elucidated that Sp1-QB 
bound to the central region of TAF4 (TAF4N/C), while Sp1-QA did not bind by NMR 
and SPR experiments. The molecular weight of TAF4N/C is more than 30 kDa and its 
direct analysis is difficult. Therefore, the author prepared several fragment proteins of 
Sp1-QB and TAF4N/C and optimized the conditions for the analysis of NMR spectra. 
Under the optimized conditions, the author analyzed the relative chemical shift 
perturbations, which were obtained from 1H-15N HSQC spectra of 15N-labeled proteins 
in the absence and presence of unlabeled partner proteins. As a result, it was revealed 
that the interaction region in Sp1 was located at C-terminal half of Sp1-QB (Sp1-QBc) 
and that in TAF4 is located at TAF4-Q1 region. Moreover, the association constant was 
estimated by NMR titration experiments as well as SPR experiments. Both NMR 
titration and SPR experiments agreed well to each other, giving a value of 
approximately 104 M-1. On the other hand, the author and colleagues have revealed 
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previously that Sp1-QB molecules interacted by themselves, and that the 
self-association constant was M103 M-1. The interaction sites in Sp1-QB for the 
homo-oligomerization of Sp1 and the hetero-oligomerization between Sp1 and TAF4 
were largely overlapped. These results suggest that the self-association of Sp1-QB 
molecules and the heterogeneous interaction between Sp1-QB and TAF4N/C competed 
with each other. 

Next, in order to elucidate whether any change in secondary or tertiary structure 
occurred during the formation of the complex between Q-domains in Sp1 and TAF4, 
the author evaluated the changes of 13C chemical shift values from the spectra of 
15N,13C-Sp1-QBc or 15N,13C-TAF4-Q1 in the absence and presence of unlabeled their 
interaction partner. Most IDPs are known to undergo a large conformational change to 
form secondary structures when they interact their partner biomolecules. This 
mechanism is known as “coupled folding and binding”. The author elucidated that all 
Q-domains in Sp1 and TAF4 were IDPs in chapter 1. Therefore, it was assumed that the 
interaction between Q-domains in Sp1 and TAF4 undergo “coupled folding and binding” 
mechanism. However, the 13C chemical shift values at the interaction region in both 
15N,13C-Sp1-QBc and 15N,13C-TAF4-Q1 did not change, suggesting that the interaction 
mode between Sp1 and TAF4 is not well-known “coupled folding binding mechanism”. 
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Chapter 3 
Elucidation of mechanism for molecular recognition on the formation of 
Sp1-TAF4 complex 
 
Abstract 
 

Early molecular biological study identified the residues involved in the interaction 
of Sp1-QBc with Drosophila TAF4 (dTAFII110) by the analysis of site-directed 
mutagenesis [Gill G, Pascal E, Tseng ZH, Tjian R (1994) Proc Natl Acad Sci USA 91, 
192–196]. They found that two mutants of Sp1-QBc, namely W464A (Sp1-QBc-WA) 
and L467A/L469A/L472A (Sp1-QBc-L3A3), resulted in the complete loss of binding 
ability to Drosophila TAF4, while Sp1-QBc-Q468A/Q470A/N471A mutant 
(Sp1-QBc-QNA3) was not significantly affected the interaction. In the result, 
hydrophobic residues in this region, that is, W464, L467, L469 and L472 were reported 
to be important for the interaction. 

In chapter 3, referring to the previous report by Gill et al., the author attempted to 
re-examine the interaction between Sp1-QBc mutant proteins (Sp1-QBc-WA, 
Sp1-QBc-L3A3 and Sp1-QBc-QNA3) and TAF4-Q12 using NMR spectroscopy in the 
first step of the experiments. The results of 1H-15N HSQC experiments suggest that both 
Sp1-QBc-WA and Sp1-QBc-L3A3 mutant proteins lost the binding affinity for 
TAF4-Q12, while Sp1-QBc-QNA3 mutant was interacted with TAF4-Q12 in a similar 
manner to the wild type Sp1-QBc protein. These results were consistent with the 
previous report using yeast two-hybrid systems by Gill et al. 

However, these results were confusing because these mutated residues analyzed 
here were located outside of the binding site elucidated by the NMR titration 
experiments performed on the wild type protein as shown in chapter 2. Therefore, the 
author examined the conformations of the mutant proteins by comparing the 1H-15N 
HSQC spectra of mutant proteins with that of wild-type Sp1-QBc in the absence and 
presence of unlabeled TAF4-Q12. As a result, a single point mutation from Trp to Ala 
resulted in significant changes, and those affected residues were located at the same 
region as the interaction site of wild type Sp1-QBc with TAF4-Q12. Furthermore, the 
direction of chemical shift change was opposite from that observed in the interaction of 
wild type Sp1-QBc with TAF4-Q12. Here, in the NMR titration experiments of 
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Sp1-QBc in chapter 2, the peaks, which shifted by the addition of various 
concentrations of unlabeled TAF4-Q12, were located on a straight line, which indicates 
that the association and dissociation of Sp1-QBc with TAF4-Q12 are represented by the 
fast exchange regime. The author herein assumes that wild type Sp1-QBc in the absence 
of TAF4-Q12 is also in fast equilibrium between two states and that one state is similar 
to Sp1-QBc-WA (“random state”) and the other is similar to the complex form 
(“residual state”). It is important to note that the mutants where the hydrophobic 
residues were replaced by Ala, also lost the ability to bind to TAF4-Q12. This suggests 
that a possible transient formation of the hydrophobic core by W464, L467, L469 and 
L472 might be important to interact with TAF4-Q12. This hypothesis is consistent with 
the results of heteronuclear {1H}-15N NOE experiments, which showed that the mobility 
of Sp1-QBc-WA and that of the complex formed by wild type Sp1-QBc increased and 
decreased, respectively.  

Moreover, compared the apparent chemical shift changes of the complex with that 
of the Sp1-QBc-WA mutant, different tendency was observed around residue number of 
440 (called as “A-region”). The relative chemical shift perturbations at the A-region in 
wild type Sp1-QBc in the presence of TAF4-Q12 were larger than those in 
Sp1-QBc-WA in the absence of TAF4-Q12. In addition, the result of {1H}-15N NOEs 
showed that the mobility of the A-region in wild type Sp1-QBc in the presence of 
TAF4-Q12 decreased and in the Sp1-QBc-WA mutant protein in the absence of 
TAF4-Q12 increased. Moreover, the 13C chemical shift changes of the A-region in wild 
type Sp1-QBc in the presence of TAF4-Q12 at the A-region indicated that the α-helical 
propensity of this region was increased on the addition of TAF4. Therefore, the author 
supposed that some conformational changes might occur in the A-region such as 
allosteric effect. 
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Conclusions 
 

The transcription factor Sp1 and the general transcription factor TAF4 have two 
and four Q-domains, respectively. Although Q-domains have been reported to be 
important for interactions by previous genetic and biochemical studies, the molecular 
structures of these proteins remain unclear, and quantitative analyses on this interaction 
are limited. In chapter 1, the author examined the structure of the Q-domains in Sp1 and 
TAF4 by several physicochemical methods including NMR, CD and SAXS experiments, 
and found that they were IDPs. 

Most IDPs interact with other molecular with some secondary structure changes. 
This mechanism is known as “coupled folding and binding”, and most of IDPs interact 
on this mechanism. In chapter 2, the author investigated the interaction between 
Q-domains in Sp1 and TAF4 and identified the interaction regions of Sp1 and TAF4 at 
residue level using high-resolution NMR experiments. Moreover, in order to determine 
conformational changes, the author evaluated 13C chemical shift changes, which are 
useful for identifying the conformation changes of main chain. However, the results 
showed that any secondary structure changes did not occur in the interaction between 
Q-domains in Sp1 and TAF4. That is, it is revealed that the interaction mode between 
Sp1 and TAF4 is not well-known “coupled folding binding mechanism”. 

In Chapter 3, in order to examine the discrepancy between the binding site reported 
previously and that determined in chapter 2, the author executed NMR experiments 
using 15N-labeled Sp1-QBc-WA, Sp1-QBc-L3A3 and Sp1-QBc-QNA3 mutant proteins in 
addition to wild type 15N-Sp1-QBc in the absence and presence of unlabeled TAF4-Q12. 
Through several NMR experiments, the author assumed that Sp1-QBc was in 
equilibrium between the “random state” and the “residual state” in the absence of the 
interaction partner TAF4-Q12. Moreover, the author supposed that the association of 
TAF4-Q12 affected the region away from the binding site in Sp1-QBc, which was like 
allosteric effect. 

This research will shed light on the elucidation of not only the interaction between 
Sp1 and TAF4, but also the interactions through IDPs. 
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