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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 positions'. 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 -H*” (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 domains*’. In the absence of these activators, the expression of most genes in
vivo 1s 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 assemble®® (Fig. P-1). TFIID is a multisubunit complex
comprising the TATA box-binding protein (TBP) and multiple TBP-associated factors
(TAFs)’"'. TAFs have been identified biochemically as stably associating components
with TBP and were originally named according to their molecular weight in
electrophoresis'>. A number of genetic and biochemical approaches have revealed that
TAF4 (also known as TAF;;130 or TAF;135 in humans, and TAF;110 in Drosophila)
interacts with cellular transcriptional activators such as Spl and the cAMP-response
element-binding protein (CREB)"*™. 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. Spl 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.

Spl and TAF4 are reported to interact each other through their Q-domains.

Although the homologues of TAF4 in humans (hTAF;130/135) and that in

Drosophila (dTAF;110) show limited sequence similarities'®"

, they share several
functional and structural properties”’. Previous studies revealed that Drosophila
dTAF, 110 directly interacts with the human transcriptional activator Spl and enhances
the transcriptional levels of the genes located downstream''®. 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%, respectively” (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,
QI1-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 Sp1'’.

The promoter-specific transcription factor Spl is expressed ubiquitously and plays

a primary role in regulating the expression of many genes'”>'. Genetic and biochemical



studies on Spl have identified two potent activating regions, termed QA and QB, both
of which are characterized by an abundance of glutamine residues™* (Fig. P-2B). Spl
also possesses three C,H,-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
site”. 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).
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Figure P-2. (A) Schematic drawing of the primary structure of human TAF4
(hTAF;130). 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 Spl. Two Q-domains, Sp1-QA and Spl-QB, and three zinc finger domains are
indicated in gray and black, respectively. Spl-QB is divided into two fragments,
Sp1-QBn and Sp1-QBc (see chapter 1 and 2).



In chapter 1, the author revealed that the each Q-domain in Spl 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 conditions®.
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 'H, "N and "C. 'H and "N chemical shifts of
amide group in each amino acid constructing that protein reflect sensitively the
environment around that amide group. On the other hand, °C 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 Spl 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 10* M, which suggested that the interaction was relatively weak.

In order to elucidate mechanisms of molecular recognition of Spl by TAF4
through their Q-domains, the author analyzed the interaction between several mutant
proteins of Spl and TAF4-Q12 in chapter 3. By analyzing the 'H-""N HSQC spectra,
{'"H}-""N NOE values and "C 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.



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 interest”’. Early biochemical and genetic studies indicated
that the glutamine-rich domains (Q-domains) in Spl are responsible for the interaction
with Q-domains in TAF4'"” (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 interactions***’. 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 proteins®™. Spl also
contains three zinc fingers of C,H,-type at N-terminal® and TAF4 also contains two

30,31

highly conserved regions (CI and CII) ", as shown in Fig. P-2A.

Although previous genetic and biochemical studies showed that Spl 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
Spl 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 Spl
and TAF4 were classified as intrinsically disordered proteins (IDPs), which have neither

regular secondary nor tertiary structures under physiological conditions®.



1-2. Materials and Methods

Materials
“N-Ammonium chloride and deuterium oxide (D,0) 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 Spl, 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.”, 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
(hTAF;130) was found to be sufficient for interactions with the activation domain of
human Sp1". 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 (Spl [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 (Spl [349-495]), TAFAN/C, and TAF4-Q12
(TAF4 [408-557]) were constructed as fusion protein with human ubiquitin (Ub)

10



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 "N-labeled
proteins were prepared from cells grown in M9 minimal medium with 0.5 g/L
[°N]-NH,Cl. Bacterial cells were grown at 37 °C, and isopropyl-p-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

11



ratio of 1 unit of enzyme per 400 ug 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)"?. The enzyme was added to the dialyzed substrate protein at a ratio of 1 mol
of enzyme per 0.5 mol of TAFAN/C and per 2 mol of Spl-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 ug 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 DM X600 spectrometer at 4 °C equipped
with a triple-axis gradient and triple-resonance TXI probe. The sample concentration
was 50 uM "“N-labeled protein in buffer B containing 10% D,O. Spectra were

processed with nmrPipe and analyzed with nmrDraw *.
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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 uM 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 g-range between 0.02 and 0.2 A™' was recorded with PILATUS 2M
detector. The g-range is estimated by the diffraction from the standard sample, silver
behenate. Here, (¢ = 4msinf/A, where 26 and A (= 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, 1(g), 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 pL/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.

13



1-3. Results
1-3-1. '"H-"N HSQC spectra of Q-domains in Sp1 and TAF4

In order to reveal features of Q-domains in Spl and TAF4 in detail by using
high-resolution NMR spectroscopy, the author first measured 'H-""N HSQC spectra of
Spl-QA, Spl-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 Spl1-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
'H-"N HSQC spectra of Spl1-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.
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Figure 1-1. '"H-"N 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 "N-TAF4N/C was 50 uM.

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.
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Figure 1-2. 1D "H NMR spectra of TAF4N/C recorded at 4 °C, 25 °C and 37 °C. The
concentration of "N-TAF4N/C was 50 uM. 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 Spl (QA and QB)
and TAF4N/C expressed in E. coli, the author measured the 'H-""N HSQC spectra under
nearly physiological conditions at pH 7.3 and 4 °C. All resonance peaks were poorly
dispersed along the "H 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. 'H-"N 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 uM.

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 'H-"N
HSQC spectra of these fragments under the same conditions. The superposition of
'H-""N 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) '"H-"N HSQC spectrum of "N-TAF4N/C recorded at pH 7.3 and 4 °C.
(B) Overlay of the 'H-"N HSQC spectra of "N-TAF4-Q12 (red), "N-TAFF4-CI
(green), and “N-TAF4-Q34 (blue) recorded separately at pH 7.3 and 4 °C. The
concentrations of all the proteins were 50 uM. 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
Spl 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 a-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 groove™. The CD measurements of Q-domains in
Spl 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.

[6] x 108 (deg cm? dmol")

200 220 240 200 220 240

[6] x 108 (deg cm? dmol")

1

-20

200

220

240

200

220

wavelength (nm)

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 uM.
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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(¢)) against the square of magnitude of scattering vector (¢°) (Fig.
6A). It is known that in the very narrow g-region (< 1.3/R,), the linear dependency of
I(g) against ¢° (Guinier plot) provides the radius of gyration (R,) of the solute. From the
Guinier plot shown in Fig. 6A, the R, values for SpI1-QA, Sp1-QB and TAF4N/C were
estimated to be 25.6 = 1.5, 36.2 + 0.3 and 49.0 + 7.4 A, respectively. In the case of
Spl-QA and Spl-QB, these experimental values were in good agreement with those
expected for the urea or guanidine hydrochloride denatured states of ~30 and ~40 A,
which were estimated for proteins with 92 and 172 amino acid residues™. On the other
hand, the R, value of TAFAN/C was significantly smaller than that expected for the urea
or guanidine hydrochloride denatured state of protein with 431 amino acid residues
(~70 A)*. 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 ca-helical region (TAF4-CI), which
was consistent with the CD spectra of the fragment proteins of TAF4AN/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 R,, while the plot for a molecule with
random-coil like structure gives a plateau and then raises monotonically™®. 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 Spl1-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 (¢ x R, < 1.3). (B) The Kratky plots of
Spl-QA (black), Spl1-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 Sp1l, 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 'H-"N 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 Spl and TAF4 were in random-coil state as well as NMR spectra at 4 °C
and pH 7.3 (Fig.1-SA-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” structure’’. The Q-domains in Spl 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 'H-""N HSQC spectra. The superposition of the 'H-""N 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 Spl1-QB was also successfully divided
into two parts, Spl-QBn and Spl1-QBc (see Fig. P-2B)*™. 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 Spl 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 'H-"N HSQC spectrum of TAF4N/C and the fragmentation
experiments, the author concluded that TAFAN/C was classified as an IDP. On the other
hand, other experimental observations suggest the presence of partially structured
regions in TAFAN/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 a-helical structure (Fig. 1-5C). Another argument was based on the R, value, which
was estimated by a Guiner plot of SAXS measurements (Fig. 1-6A). The R, value
calculated by experimental data (49.0 = 7.4 A) 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
A)».

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 o-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” structure®. 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 a-helical structure located in the center of the

molecule.
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Chapter 2
Identification of heteromolecular binding sites in transcription factors Spl and

TAF4 using NMR spectroscopy

2-1. Introduction

Previous genetic and biochemical studies showed that Spl and TAF4 interacted
with each other via their Q-domains. The interaction sites between Spl and TAF4 have
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 such as f3-galactosidase, and a quantitative analysis is difficult,
since this method sometimes detects a pseudo-positive interaction.

A 'H-"N HSQC spectrum is 2D-NMR spectrum, whose horizontal and vertical
axes show 'H and "N chemical shifts, respectively. The 'H and "N chemical shifts are
derived from amide groups of amino acids, which construct the "N-labeled protein. In
this spectrum, one peak corresponds to one amino acid residue. 'H-"N HSQC spectra
are useful for detection of protein interactions, because unlabeled proteins are not
visible in the spectrum. That is, by evaluating the change in the intensities and/or
position of peaks, it is possible to reveal whether each "“N-labeled amino acid
constructing the '’N-labeled protein is affected by the addition of unlabeled proteins or
not. Moreover, 'H and "N chemical shift values sensitively reflect changes in the
environment surrounding the nuclear spin. Therefore, changes in the 'H and "N
chemical shift values upon the addition of the unlabeled protein directly reveal the
interaction between the proteins, as well as a possible conformational change.

Most IDPs are known to undergo a large conformational change to form secondary
structures when they interact with their partner biomolecules. This mechanism is known
as “coupled folding and binding”**'. >C chemical shift analysis is useful for identifying
the conformation changes of main chain, since “C chemical shifts reflect dihedral
angles of main chain of proteins. The author elucidated that all Q-domains in Spl and
TAF4 were IDPs in chapter 1. That is, the interaction between Q-domains in Spl and
TAF4 might be classified into the interaction between IDPs.

In chapter 2, the author investigated the interaction region and mode between
Q-domains in Spl and TAF4 in detail using high resolution NMR spectroscopy. As a

result, the interaction regions in Spl and TAF4 were elucidated to present at C-terminal
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half of QB domain in Spl and Q1 domain in TAF4, respectively. And surprisingly, this
binding mode is not categorized into the well-accepted concept of the “coupled-binding
and folding” mechanism. Moreover, from NMR titration and SPR experiments, the
association constant was estimated to be on the order of 10* M. The author and
colleagues have revealed previously that Sp1-QB molecules interact with themselves,
and that the self-association constant was on the order of 10° M **, The interaction sites
in Spl-QB for the homo-oligomerization of Spl and the hetero-oligomerization
between Spl and TAF4 were largely overlapped. These results suggested that the
self-association of Sp1-QB domains and the heterogeneous interaction between Sp1-QB

and TAF4N/C competed with each other.

2-2. Materials and Methods

Materials
"N-Ammonium chloride, “C¢-D-glucose, deuterium oxide (D,0), and sodium
2,2-dimethyl-2-silapentane-5-sulfonate (DSS) were purchased from SI Science. Other

reagents were purchased from Nacalai Tesque.

Protein preparation

The expression and purification of Spl-QA, Spl-QB, TAF4N/C, TAF4-Q12,
TAF4-CI and TAF4-Q34 were described in chapter 1.

The expression plasmid for Sp1-QBn (Spl [342-424]) was constructed as fusion
proteins with GST at the N-terminal, which was similar to Sp1-QA. The expression and
purification of Sp1-QBn was also performed similar to Sp1-QA.

The expression plasmids for Spl1-QBc (Spl [421-495]) and TAF4-Q1 (TAF4
[408-487]) were constructed as fusion protein with Ub contained N-terminal extension
of a His6-tag, which were similar to Sp1-QB, TAF4AN/C or TAF4-Q12. The expression
and purification of Spl1-QBc and TAF4-Q1 was also performed similar to Sp1-QB,
TAF4N/C or TAF4-Q12

The expression plasmid for TAF4-Q2 (TAF4 [486-557]) was constructed with a
His6-tag followed by Xa-site at the N-terminus, which was similar to TAF4-CI or
TAF4-Q34. The expression and purification of TAF4-Q2 was also performed similar to
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TAF4-CI or TAF4-Q34.

For the preparation of uniformly "N, "C-labeled proteins, bacterial cells were
grown in M9 minimal medium supplied with 0.5 g/L ['’N]-NH,Cl and 2 g/L..

All proteins were dialyzed against buffer B (140 mM NaCl, 20 mM Na,HPO,, 20
mM NaH,PO,, pH 7.3) or buffer C (20 mM sodium acetate, pH 5.0) depended on

experiments.

Protein concentration measurements

Protein concentrations were measured by absorption at 277-280 nm on the
assumption that the total extinction coefficients of proteins were the same as the linear
combination of the extinction coefficients of tryptophan and tyrosine residues present in
the proteins*. Since several fragment proteins (TAF4-Q1, TAF4-Q12 and TAF4-Q34)
did not contain any tryptophan or tyrosine residues, their concentrations were measured
as follows. First, tyrosine-containing mutant proteins were prepared. In the case of
TAF4-Q1 and TAF4-Q12, a tyrosine residue was added at the N-terminus (called
TAF4-YQI1 and TAF4-YQI12, respectively). In the case of TAF4-Q34, F828 located
between Q3 and Q4 was replaced by tyrosine (named TAF4-Q34-F828Y). Next, the
concentrations of the purified tyrosine-containing mutants TAF4-YQI1, TAF4-YQI12
and TAF4-Q34-F828Y were determined by the absorption at 277 nm. Finally, the
concentrations of wild-type tyrosine-less proteins were estimated by comparing the
relative peak intensity of 1D-NMR spectra to those recorded for tyrosine-containing

mutants with known concentrations.

Surface plasmon resonance (SPR)

SPR measurements were performed using a ProteOn XPR36 system (Bio-Rad) at
15 °C (the lowest temperature that is able to be set by the instrument) with an HTG
sensor chip equilibrated with buffer B as a running buffer at a flow rate of 100 uL/min.
The HTG sensor chip was first activated with 10 mM NiSO, for 4 min. One hundred
and twenty five microliters of the ligand protein (20 uM Sp1-QA and Spl1-QB with
His6-tag at the C-terminus) was injected and immobilized on the HTG chip. The analyte
protein (TAF4N/C) was then injected for 150 sec at a constant flow rate of 100 uL/min,
and sensorgrams were recorded as the association phase. The concentration of analyte

loaded was 2.0, 1.2 and 0.4 uM for Sp1-QA, and 2.0, 1.6, 0.8 and 0.4 uM for Sp1-QB.
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The dissociation of the bound analyte followed subsequently for 300 sec at the same
flow rate. Kinetic parameters were calculated using a global fitting analysis with the
assumption of the 1:1 Langmuir binding model using equations [1] and [2] for the

association and dissociation phases, respectively.

k,CR... B _
= m[l exp{ (kaC + kd)t}] [1]
R = R,[1 —exp{-k,t}] [2]

where 7 is time , R is the time-dependent response of the SPR signal, R, and R, are the
initial (just after the dissociation phase) and the maximum (reaches at the infinite time
in the association phase) values of the SPR signal, respectively, C is the concentration
of the analyte, and k, and k, are the association and dissociation rate constants between

the analyte and ligand, respectively.

Small-Angle X-ray Scattering (SAXS)
SAXS measurements were performed with the spectrometer installed at BL-10C of

Photon Factory (PF) as described in chapter 1.

Circular dichroism (CD) spectroscopy
CD spectra were measured on a Jasco J-820 spectropolarimeter performed as

described in chapter 1.

NMR experiments

NMR experiments were performed on a Bruker DMX600 spectrometer as
described in chapter 1. Sequence-specific resonance assignments were obtained by
analyzing the 3D-HNCACB, 3D-CBCA(CO)NH, 3D-HNCO, 3D-HN(CA)CO, and
3D-hNcocaNH spectra recorded at pH 5.0 and 37 °C**. The concentrations used were
100 uM “N,"”C-labeled protein in buffer C containing 10% D,O. The chemical shift
value was referenced to DSS. Spectra were processed with nmrPipe*, and analyzed
with XIPP, a new version of PIPP*, which was kindly gifted by Dr. Garrett.

In the titration experiment, the author assumed 1:1 binding between Sp1-QBc and
TAF4-Q12 as
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K,
QB + TAF4 == complex

where QB, TAF, and complex represent a monomeric “N-Sp1-QBc, unlabeled
TAF4-Q12, and the complex between them, respectively. This defines the dimeric

association constant K, as

B [complex]
*  [QB][TAF]

By using K,, and the total concentrations of "N-Sp1-QBc and unlabeled TAF4-Q12,
[QB], and [TAF],, and the saturated chemical shift perturbation, dA,,,, the chemical
shift perturbation, 8A, of ’N-Sp1-QBc was represented as,

_ 87, {(IQB], +[TAF], +1/K,) - /(IQBI, + [TAF], + 1/K,)* - 4[QBJ, [TAF],
- 2[QB],

Ad [3]

The observed differences in the chemical shift values were curve-fitted to equation [3]
as the function of the total concentration of proteins ([QB], and [TAF],) to estimate K,

value.
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2-3. Results
2-3-1. Interaction between Q-domains of Spl and TAF4 elucidated by NMR
spectroscopy

The intensity and position (chemical shift value) of each NMR peak sensitively
reflects changes in the environment surrounding the nuclear spin. Therefore, the author
expected a detailed analysis of NMR spectra to reveal the intermolecular interaction
between the Q-domains in Spl and TAF4. The author used the same experimental
conditions as in chapter 1, that is, at pH 7.3 and 4 °C (called as nearly physiological
condition). In order to detect the interactions, the author initially measured the 'H-"N
HSQC spectra of Sp1-QA in the absence and presence of a three molar excess amount
of unlabeled TAF4N/C. As a result, the spectra of Sp1-QA were not changed between
with and without unlabeled TAF4N/C. This result suggested that Spl-QA and
TAF4N/C did not interact with each other, or that the affinity of the two proteins is too
weak to be detected under the conditions examined (Fig. 2-1A).

The author performed a similar experiment in order to examine the interaction
between "N-Sp1-QB and unlabeled TAF4N/C. In contrast to Sp1-QA, the intensity of
several peaks of ""N-Spl1-QB markedly decreased when an equimolar amount of
unlabeled TAF4N/C was added (Fig. 2-1B). Severe line broadening may be resulted
from a large molecular weight of the complex with unlabeled TAF4AN/C (see below).
However, the result clearly demonstrated that Sp1-QB and TAF4N/C interacted with
each other. In order to identify the region of the interaction, peak intensities in the
presence of unlabeled TAF4N/C relative to those recorded in its absence were plotted
against the residue number of Spl-QB (Fig. 2-1C). The results revealed that the
residues, whose intensities were significantly decreased, were located in the region from
the center to the C-terminal part of the molecule. This suggests that the observed
decrease in the intensity was site-specific, and that these residues in Spl1-QB may

represent the binding site for TAF4AN/C.
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Figure 2-1. (A) Overlay of the 'H-"N HSQC spectra of “N-labeled Sp1-QA in the
absence (red) and presence (blue) of a three molar excess amount of unlabeled
TAF4N/C measured at pH 7.3 and 4 °C. The concentrations of “"N-Sp1-QA in both
spectra were 50 uM. The peaks colored black indicate that both chemical shifts and the
intensities of the peaks were not changed. (B) Overlay of the 'H-"N HSQC spectra of
"N-Sp1-QB domains in the absence (red) and presence (blue) of an equimolar amount
of unlabeled TAF4N/C measured at pH 7.3 and 4 °C. The concentrations of
"N-Sp1-QB in both spectra were 50 uM. The region indicated by the dashed box in the
spectrum is expanded in the right panel. The intensities of several peaks of "N-Sp1-QB
markedly decreased with the addition of unlabeled TAF4AN/C. (C) The relative peak
intensity of 'H-""N HSQC spectra of "N-Sp1-QB plotted against the residue number of
Spl. Intensity in the presence of the same concentration of unlabeled TAFAN/C relative
to that in its absence is shown. The closed circle shows residues that could not be

analyzed due to signal overlap.
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2-3-2. Surface Plasmon Resonance (SPR)

The author also measured SPR in order to obtain more direct evidence for the
interaction and association constant for binding between Spl1-QB and TAF4N/C. An
SPR analysis requires the immobilization of the “ligand” molecule on the sensor chip.
In order to minimize the effects of immobilization on the structure and function of the
ligand protein, the author utilized a His6-tag attached at the C-terminus of the Sp1-QB
protein via a flexible linker sequence. Injections of various concentrations of TAF4N/C
as the “analyte” resulted in marked increases in resonance, demonstrating the
association between immobilized Spl-QB and TAF4N/C (Fig. 2-2A). After the
injection of TAF4N/C for 150 s, the same buffer B without the analyte was loaded for
300 s. Gradual decreases were observed in resonance, suggesting the slow dissociation
of the bound analytes from the immobilized ligand protein.

All sensorgrams were globally fitted to equations [1] and [2] for the association
and dissociation phases, respectively. The fit converged well, and single association and
dissociation rate constants were estimated to be 4.40 + 0.08 M™' s™' and (3.03 + 0.06) x
10" s”', respectively. The equilibrium association constant between Spl1-QB and
TAF4N/C was estimated to be (145 + 0.04) x 10* M from these association and
dissociation rate constants. These results suggest a significant interaction between
Spl-QB and TAF4N/C. On the other hand, there were no detectable interactions
between Spl-QA and TAF4AN/C by SPR experiments performed under the same
conditions (Fig. 2-2B), which was consistent with the result of NMR experiments of
PN-Sp1-QA and unlabeled TAF4N/C.
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Figure 2-2. (A) Kinetics of the association between Sp1-QB and TAF4N/C, and their
dissociation were measured by SPR. Sp1-QB was immobilized on an HTG chip via the
His6-tag at the C-terminus. Black lines show sensorgrams recorded after the loading of
TAF4N/C at various concentrations for 150 s, followed by the flow of its absence. Red
lines indicate the results of global fitting of four sensorgrams by equations [1] and [2].
(B) The interaction between Sp1-QA and TAF4AN/C was measured by the SPR. Sp1-QA
was immobilized on an HTG chip via the His6-tag at the C-terminus. The lines
represent the sensorgrams recorded after loading TAF4AN/C for 150 s at concentrations
of 2.0 (red), 1.2 (green) and 0.4 uM (blue), respectively, followed by the flow of its

absence for 300 s.

2-3-3. Optimization of experimental conditions and NMR signal assignment

In order to elucidate the molecular mechanisms underlying the interaction between
Spl and TAF4 in more detail, the author attempted to perform NMR experiments
similar to section 2-3-1, but the opposite combination of labeling to identify the residues
responsible for the interaction. That is, ""N-TAF4N/C was titrated by unlabeled Sp1-QB.
In the first step of the analysis, the author needed to assign the NMR signals of
TAF4N/C, but its molecular weight was approximately 45 kDa, and the signal
assignment of TAFAN/C is challenging. The author had found in chapter 1 that
TAF4N/C was an IDP, and that the entire protein could be divided into three fragment
proteins (Q12, CI, and Q34, described in Fig. P-2A) without significant perturbations to
the structure. Therefore, the author assigned the NMR signal of TAFAN/C by taking
advantage of analyzing several fragment proteins separately.

The author attempted to analyze a short fragment protein corresponding to the Q12
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region of TAF4 under nearly physiological condition, at pH 7.3 and 4 °C (Fig. 2-3A).
However, the analysis under these conditions was unsuccessful, because most NMR
peaks disappeared in the 'H-""N HSQC spectra and signal intensities were very weak in
triple-resonance experiments such as 3D-HNCACB and 3D-hNcocaNH (data not
shown). The author attributed the disappearance of peaks to the exchange of labile NH
protons with water molecules at pH 7.3 and/or chemical exchange broadening by the
transient formation of dimers or higher oligomers. After a comprehensive screening of
experimental conditions, the author found that an increase in temperature and decrease

in pH value markedly improved the quality of 'H-""N HSQC spectra (Fig. 2-3).
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Figure 2-3. 'H-"N HSQC spectra of "N-labeled TAF4-Q12 measured at pH 7.3 and
4 °C (A), pH 5.0 and 4 °C (B), and pH 5.0 and 37 °C (C). The concentration of
TAF4-Q12 was 50 uM.

During the process to optimize the experimental conditions, the author found that
pH 5.0 and 37 °C gave the most promising spectra, while an increase in pH by one unit
(pH 6) significantly decreased the signal-to-noise ratio (Fig. 2-4). Therefore, the author
selected these experimental conditions (pH 5.0 and 37 °C) although it is slightly more

acidic than physiological conditions.
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Figure 2-4. '"H-"N HSQC spectra of “"N-labeled TAF4-Q12 measured at pH 6.0 (A)
and pH 5.0 (B). The concentration of TAF4-Q12 was 50 uM

In order to confirm that pH changes did not affect the structure of Q-domains, the

CD spectra were recorded at pH 7.3 and 5.0 and these spectra were indistinguishable

from each other (Fig. 2-5A). The author also performed SAXS experiments and

analyzed the scattering profile to estimate the values of the radius of gyration (R,) (Fig.
2-5B). The R, of Sp1-QB at pH 7.3 and pH 5.0 were 36.2 + 0.3 A and 37.2 + 0.5 A,
respectively. The R, of TAFAN/C at pH 7.3 and pH 5.0 were 49.0 + 7.4 A and 49.7 +
0.6 A, respectively. The results of both CD and SAXS experiments elucidated that the

overall structures of Sp1-QB and TAF4AN/C were not significantly affected under the

different pH conditions.
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Figure 2-5. (A) Far UV-CD spectra of TAF4N/C (solid line) and Sp1-QB (dotted line)
measured at pH 7.3 (blue) and pH 5.0 (red). The concentrations of both proteins were
50 uM. Note that each spectrum recorded at different pH values is overlaid
indistinguishably. (B) Guinier plots of the SAXS profiles of TAF4N/C (closed circle)
and Sp1-QB (open circle). Each sample was measured at pH 5.0 (red) and pH 7.3 (blue).
The concentrations of both proteins were 2 mg/mL. The lines indicate the results of
linear curve fitting for data within the Guiner region (¢ < R/1.3). The R, values of

TAF4N/C and Sp1-QB are calculated from the slopes of these lines.

2-3-4. Identification of the Sp1-interaction site in the TAF4 molecule

The author measured the "H-""N HSQC spectra for TAF4-CI and TAF4-Q34 in the
absence and presence of more than a two-fold amount of unlabeled Sp1-QB, however,
no changes were observed in chemical shift values or peak intensities (Fig. 2-6B,C).
Therefore, the author concluded that these regions did not contribute significantly to the
interaction between TAF4 and Spl. Note that only a limited number of peaks appeared
in the NMR spectrum of TAF4-CI (approx. 60, while the expected number was 136; Fig.
2-6B). The author attributed this apparent discrepancy to chemical exchange broadening
of TAF4-CI, possibly originating from the formation of a transient dimer or higher
oligomeric structure under the experimental conditions used. The presence of a large
hydrophobic groove in TAF4-CI may contribute to these possible intermolecular
interactions™.

The author then performed a similar experiment to examine the interaction
between TAF4-Q12 and Spl1-QB. In contrast to the results obtained for TAF4-CI and
TAF4-Q34, the 'H-"N HSQC spectra of TAF4-Q12 measured in the absence and

presence of an equimolar amount of Spl-QB showed marked differences in the
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chemical shift values of several residues, suggesting a specific interaction between
TAF4-Q12 and Sp1-QB (Fig. 2-6A). Note that a careful examination of the spectrum of
TAF4-Q12 revealed that several peaks appeared in a lower field region (with higher
values for the chemical shift) in the 'H chemical shift axis, suggesting that weak

hydrogen bonds might be formed in these residues. Based on the apparent chemical

shift change, AS =/(Ad,,,)* +(Ad,y /5)°, plotted against residue number of TAF4, the
chemical shift values of a stretch of residues (455-480) corresponding to the C-terminal

half of the Q1 domain were markedly perturbed, suggesting a possible binding site for
Sp1-QB (Fig. 2-6D).
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Figure 2-6. (A-C) The 'H-"N HSQC spectra of "N-TAF4-Q12 (A), "N-TAF4-CI (B),
and "N-TAF4-Q34 (C) measured at pH 5.0 and 37 °C. In each panel, two spectra are
superimposed, which are recorded in the absence (red) and presence (blue) of unlabeled
Sp1-QB. The concentrations of all the "N-labeled proteins were 50 uM. The peaks
observed in black indicate that neither the chemical shifts nor intensities of the peaks
changed. Peaks that showed a marked difference in chemical shift values are labeled by
the residue name and number. (D) The apparent chemical shift change,
AS = \/(Aém)2 + (A5 /5)*, calculated from the 'H-""N HSQC spectra of "N-TAF4-Q12

measured in the absence and presence of unlabeled Sp1-QB (panel A).
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The distribution of changes in chemical shift values indicated that only the QI
domain in TAF4-Q12 contributed significantly to the interaction with Sp1-QB. In order
to clarify whether the residues responsible for the interaction with Spl-QB are
exclusively located in the regions corresponding to TAF4-Q1, as observed in Fig. 2-6D,
the author prepared two fragment proteins, TAF4-Q1 and TAF4-Q2 (see Fig. P-2A),
and recorded their 'H-"N HSQC spectra separately in the absence and presence of
unlabeled Sp1-QB (Fig. 2-7A and 2-7B). Apparent chemical shift differences in the
absence and presence of Sp1-QB were plotted against residue numbers in Fig. 2-7C and
2-7D. Although chemical shift values for the residues located in the C-terminal half of
TAF4-Q1 changed markedly in the presence of an equimolar amount of Sp1-QB, no
significant changes were observed in the chemical shift values or intensities of the
signals for TAF4-Q2 even in the presence of a 5-fold excess amount of unlabeled
Sp1-QB. Furthermore, the distribution of the change in the averaged chemical shift
change (Ad) along the residue number showed almost the same pattern as that obtained
from the interaction between TAF4-Q12 and Sp1-QB (Fig. 2-6D), which confirmed that
the residues responsible for binding are solely located in the region of TAF4-Q1 and

also that TAF4-Q2 does not significantly contribute to this interaction.

38



A . H B 108
[ R
[ ° 110
¢ . { %
* o
‘ L 7 @112
2 s ’
o L o ® 114 @
' Z
- Py Q
o o %o 16g
9, L ]
Q471 v L %
. 5% . ° 18 §
- [} -
'S M o
L] . ° >
V458 K :. e® | & ” . 1205
» —
S460¢ . < o °, r LI )
® 467 Ad2 | bt 9 1223
® E461 e ° S o %% ~
. .: - 8 L ¢ F 124
N L]
o .‘ [ 'l~
'Q;. [ ’1 of [ 126
¢ r )
[ 128
U T T
9.0 85 8.0 75

80 75 85
'H chemical shift (ppm)

0.06 C e} D 2 0.06
I ﬁ

[T SR P .I.J-.I.___]..-l.l 0.00

| | | | 1 | |
420 440 460 480 500 520 540
residue number of TAF4

Figure 2-7. (A) 'H-"N HSQC spectra of "N-TAF4-Q1 in the absence (red) and
presence (blue) of an equimolar amount of unlabeled Sp1-QB. The concentration of
"N-TAF4-Q1 was 100 uM. (B) 'H-""N HSQC spectra of "N-TAF4-Q2 in the absence
(red) and presence (blue) of a five-fold excess amount of Sp1-QB. The concentration of
P"N-TAF4-Q2 was 50 uM. The peaks observed in black indicate that neither the
chemical shifts nor intensities of the peaks were changed. Peaks that showed marked
differences in chemical shift values are labeled by the residue name and number. (C, D)
The apparent chemical shift change, Ad =\/(Aé5m)2 +(Ad,5y/5)7, of "N-TAF4-Q1 and
"N-TAF4-Q2 measured in the absence and presence of unlabeled Sp1-QB (panel A and

B, respectively).

2-3-5. The interaction between fragment proteins of Sp1-QB and TAF4N/C
The author examined the interaction between Spl and TAF4 using smaller
fragment proteins at pH 5.0 and 37 °C, and successfully observed the NMR signals of

the complex. Therefore, the author performed a similar experiment to that described in
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section 2-3-1, that is, '"H-"N HSQC spectra were recorded for “"N-Sp1-QB in the
absence and presence of an excess amount of unlabeled TAF4-Q12, TAF4-CI, and
TAF4-Q34. The author did not detect any significant change regardless of the absence
or presence of unlabeled TAF4-CI or TAF4-Q34 (Fig. 2-8B and 2-8C). In contrast, the
author found that the chemical shift values of several peaks markedly changed
following the addition of unlabeled TAF4-Q12, suggesting a specific interaction
between TAF4-Q12 and Sp1-QB (Fig. 2-8). In addition, the apparent chemical shift
change, Ao = \/(Aém)2 +(Ad,5,/5)*, plotted against residue number of Spl, the chemical

shift values of residues corresponding to the C-terminal half of the QB were markedly
perturbed, suggesting a possible binding site for TAF4-Q12 (Fig. 2-8D). In order to
confirm the idea that the binding region is exclusively located in the C-terminal half of
the Spl-molecule, the author prepared two fragment proteins, Sp1-QBn and Sp1-QBc
(see Fig. P-2B).
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Figure 2-8. (A-C) Overlay of 'H-""N HSQC spectra of "N-TAF4-QB in the absence
(red) and presence (blue) of unlabeled TAF4-Q12 (A), TAF4-CI (B), and TAF4-Q34
(C). The concentrations of "N-Sp1-QB in all spectra were 50 uM. The peaks observed
in black indicate that neither the chemical shifts nor intensities of the peaks were
changed. (D) The apparent chemical shift change, A(S=\/(A<_‘5,H)2+(A5,5N/5)2 , of
“N-Sp1-QB obtained from spectra measured in the absence and presence of unlabeled

TAF4-Q12 (panel A).

In order to identify the binding region, 'H-""N HSQC spectra of "N-Sp1-QBn and
PN-Sp1-QBc¢ were measured in the absence and presence of unlabeled Q-domains in
TAF4. No significant differences were observed in the chemical shift values or peak
intensities in the spectra of Sp1-QBn, even in the presence of a 5-fold molar excess
amount of unlabeled TAF4N/C, suggesting that the N-terminal half of Spl-QB
(Sp1-QBn) did not contribute significantly to the interaction (Fig. 2-9A). On the other
hand, several peaks showed a large displacement in the chemical shift value for the
spectra of the C-terminal half of Sp1-QB (Sp1-QBc) with increases in the concentration
of unlabeled TAF4-Q12 added (Fig. 2-9B). Furthermore, the plot of the averaged
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chemical shift change against residue number showed that the most affected residues
were located exclusively from the center to the C-terminus of Sp1-QBc (Fig. 2-9C and
2-9D). These results were consistent with the results obtained at pH 7.3 and 4 °C, which
also suggested the importance of the residues located from the center to the C-terminus
of Sp1-QB (Fig. 2-1C).

Next, the author measured several 'H-""N HSQC spectra of "N-Sp1-QBc in the
presence of various amounts of unlabeled TAF4-Q12, and found that the chemical shift
values of "N-Sp1-QBc were dependent on the concentration of unlabeled TAF4-Q12
present in the solution. In order to analyze these results in more detail, the author made
two assumptions: (1) the formation of a 1:1 complex between Sp1-QBc and TAF4-Q12,
and (2) “a fast exchange regime”, namely, the apparent chemical shift change was
proportional to the concentration of the resultant equimolar complex. Based on these
assumptions, the author analyzed the apparent chemical shift change as the
concentration of TAF4-Q12 added (Fig. 2-9E) using equation [3]. The results of curve
fitting were converged well, and binding constants for several representative residues

were estimated tobe 1.4-2.8 x 10*M™.
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Figure 2-9. (A) Overlay of 'H-""N HSQC spectra of ’N-Sp1-QBn in the absence (red)
and presence (blue) of unlabeled TAF4N/C. The concentration of "N-Sp1-QBn was 50
uM. The peaks observed in black indicate that neither the chemical shifts nor intensities
of the peaks changed. (B) 'H-"N HSQC spectra of "N-Spl1-QBc measured in the
presence of various concentrations of unlabeled TAF4-Q12. The concentration of
PN-Sp1-QBc was 50 uM. Spectra in the absence and the presence of 0.5, 1.0, 1.5, 2.0,
and 2.5 molar ratio of unlabeled TAF4-Q12 to "N-Sp1-QBc are colored in red, orange,
green, blue, purple and black, respectively. The region indicated by the dashed box in
the spectrum is expanded in the right panel. The chemical shifts of several peaks change
linearly. (C, D) The apparent chemical shift change, Ad = \/(Aém)2 +(AS,5\/5)*, of
N-Sp1-QBn (C) and “"N-Sp1-QBc (D) obtained from spectra measured in the absence
and presence of unlabeled TAF4-Q12 (panel A and B, respectively). (E) The relative

chemical shift change for several representative residues of "N-Sp1-QBc as a function
of the added unlabeled TAF4-Q12. Lines are the theoretical curves assuming 1:1
binding and a fast exchange regime (proportionality of the apparent chemical shift
change to the amount of the complex). Estimated binding constants are 1.36 x 10*, 2.80

x 10*, and 1.59 x 10* M for G457, N459, and G460, respectively.
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The author also performed a similar experiment using the opposite combination of
isotopic labeling, that is, unlabeled Sp1-QBn or Sp1-QBc was added separately to °N-
TAF4-Q12 and examined whether any changes in the spectra would be observed (Fig.
2-10). The results obtained were the same as those expected, namely, a marked change
in the chemical shift values of "N-TAF4-Q12 was only observed when unlabeled
Sp1-QBc was added (Fig. 2-10B). The author also measured several 'H-"N HSQC
spectra of "N-TAF4-Q12 in the presence of various amounts of unlabeled Sp1-QBc,
and found that the peaks, which shifted by the addition of unlabeled TAF4-Q12, were
located on a straight line (Fig. 2-10B), as well as ""N-Sp1-QBc in Fig. 2-9B.
Collectively, these results suggest that the interaction between TAF4 and Spl is very
specific and highly localized. In Spl, only the C-terminal half (Sp1-QBc) was needed
for the interaction with TAF4. On the other hand, in TAF4, only the C-terminal half of
the first Q-domain (TAF4-Q1) was exclusively important for the interaction with Sp1.

The author summarized interactions between several fragment proteins in Table 1.
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Figure 2-10. (A) The 'H-""N HSQC spectra of "N-TAF4-Q12 measured in the absence
(red) and presence (blue) of unlabeled Sp1-QBn. The concentration of "N-TAF4-Q12
was 50 uM. (B) The 'H-"N HSQC spectra of "N-TAF4-Q12 measured at various
concentrations of the unlabeled Sp1-QBn. The concentration of "N-TAF4-Q12 was 50
uM. Spectra in the absence and the presence of 0.5, 1.0, 1.5, 2.0, 2.5 molar ratio of
unlabeled Sp1-QBc to "N-TAF4-Q12 are colored in blue, green, yellow, orange, red,
and black, respectively. The region indicated by the dashed box in the spectrum is

expanded in the right panel.
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corresponding

observed protein added protein molar ratio * | change in spectra

figure
"N-Sp1-QA TAF4N/C 1:3 nd.” Fig. 2-1A
"N-Sp1-QB TAF4N/C 1:1 disappeared ° Fig.2-1B,2-1C
"N-Sp1-QB TAF4-Q12 1:1 moved ¢ Fig. 2-8A,2-8D
"N-Sp1-QB TAF4-CI 1:25 n.d. Fig.2-8B
"N-Sp1-QB TAF4-Q34 1:25 n.d. Fig. 2-8C
"N-Sp1-QBn TAF4N/C 1:5 n.d. Fig. 2-9A,2-9D
"N-Sp1-QBc TAF4-Q12 1:0.5-25 moved Fig. 2-9B, 2-9D
"N,”C-Sp1-QBc | TAF4-Q12 1:1 n.d. Fig. 2-11A
"N-TAF4-Q12 Sp1-QB 1:1.5 moved Fig. 2-6A,2-6D
"N-TAF4-Q12 Sp1-QBn 1:5 n.d. Fig. 2-10A
"N-TAF4-Q12 Sp1-QBc 1:0.5-25 moved Fig. 2-10B
"N-TAF4-CI Sp1-QB 1:3 n.d. Fig.2-6B
"N-TAF4-Q34 Sp1-QB 1:2 n.d. Fig. 2-6C
"N-TAF4-Q1 Sp1-QB 1:0.8 moved Fig. 2-7A,2-7C
"N-TAF4-Q2 Sp1-QB 1:5 n.d. Fig.2-7B, 2-7D
"N,”C-TAF4-Q1 | Sp1-QB 1:0.8 n.d. Fig.2-11B

Table 1. Summary for intermolecular interactions investigated in chapter 2.

“the ratio of [observed protein] : [added protein]

®not detected

“disappearance of several peaks in a concentration-dependent manner

¢ remarkable change in chemical shift values for several residues
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2-3-6. No significant conformational change upon binding

The chemical shift values of NMR signals are very sensitive indicators that reflect
any changes in the electron density of the nucleus of interest, and very subtle changes in
the local environment may result in a large difference in the chemical shift value.
Therefore, slight changes in chemical shift value in "H-"N HSQC spectra are not
necessarily linked to conformational changes in a protein. On the other hand, the
chemical shift values of “Ca and “Cp are known to be influenced sensitively by the
¢ and 1 dihedral angles of the residue of interest, and have been used to analyze
secondary structures at residual resolution®. Therefore, the author measured
3D-HNCACB spectra in order to obtain the chemical shift values of “Ca and “Cp for
N,”C-Sp1-QBc, and "“N,"”C-TAF4-Ql1, respectively, in the absence and presence of
unlabeled TAF4-Q12 or Spl1-QB. Differences in the “C chemical shift values of
Sp1-QBc and TAF4-Q1 were shown in Fig. 2-11. No significant differences in "C
chemical shift values were found throughout the molecules in both proteins, even for
residues that showed a marked change in the chemical shift values in 'H-"N HSQC
spectra. These results suggest that the interaction between Spl and TAF4 is not
accompanied by any significant conformational changes in either protein, at least at the

level of the secondary structure.
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Figure 2-11. Changes in “C chemical shift values Ad. calculated by Ad. = ASCa —
A8Cg. Co and Cp chemical shift values were obtained from 3D-HNCACB spectra.
The concentrations of the °’N,"C-labeled proteins were 100 uM. Red boxes represent
the binding site determined by 'H-""N HSQC experiments. In this plot, the values more
than +1 or less than —1 suggest a significant propensity for the formation of a-helix or
B-sheet, respectively. (A) Changes in the chemical shift values of "“C of
“N,"”C-Sp1-QBc in the absence and presence of an equimolar amount of unlabeled
TAF4-Q12. (B) Changes in the chemical shift values of "C of “"N,”C-TAF4-Ql in the

absence and presence of an equimolar amount of unlabeled Sp1-QBc.

In order to confirm this, the author also measured the CD spectra of Sp1-QBc (93
a.a.) and TAF4-Q1 (80 a.a.). Since all residues in a protein contribute to the signal of
the CD spectrum, the author used these minimal fragment proteins of interest in order to
facilitate the detection of any conformational changes. Otherwise, the presence of many
residues that do not contribute to the interaction may obscure potentially small changes
in the spectra. The author measured the CD spectra of Spl1-QBc, TAF4-Q1, and their
equimolar mixture, and compared the spectrum of the mixture with the sum of the two
separately measured spectra (Fig. 2-12). The intensity of CD was expressed as an
apparent ellipticity value with the unit of mdeg because two proteins consisted of
different numbers of amino acid residues. The two spectra, obtained from the mixed
sample and calculated sum of two separately measured spectra, were indistinguishable
from each other. These results are in good agreement with the analysis of the
"C-chemical shift values, and suggest that there were no significant conformational
changes in Spl or TAF4 at the level of the secondary structure even when they

interacted with each other.
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Figure 2-12. Far UV-CD spectra of TAF4-Q1 (red), Spl1-QBc (blue), and their
equimolar mixture (purple). The concentrations of all the proteins were 50 uM. The
black line represents the simple sum spectrum of TAF4-Q1 and Spl-QBc that was

recorded separately. Note that the purple and black lines are indistinguishable from each

other.
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2-4. Discussion
2-4-1. The interaction between Q-domains of Sp1 and TAF4

Titration experiments monitored by the "H-"N HSQC spectra of Sp1-QB revealed
that the intensities of several residues were markedly decreased in the presence of
unlabeled TAF4N/C in a concentration-dependent manner (Fig. 2-1B). Moreover, the
plot of relative peak intensities against residue numbers shown in Fig. 2-1C suggests
that the interaction site is located between the center and C-terminus of QB in Spl.
These results are consistent with previous biochemical studies in which a fragment
protein of Spl corresponding to the C-terminal half of the QB domain (residues
428-549) was suggested to interact with dTAF, 110, a Drosophila homologue of human
hTAF,;130 (TAF4)'*",

In contrast to Sp1-QB, neither the chemical shift nor peak intensity of "N-Sp1-QA
changed in the presence of unlabeled TAF4N/C up to a three molar excess amount (Fig.
2-1A). On the other hand, Hoey et al.” reported that Sp1-QA and Sp1-QB interacted
with dTAF,;110. In addition, the central region of human hTAF, 130 (TAF4) has also
been suggested to interact with the QA and QB domains'’. Both studies analyzed the
interaction between the Q domains of Spl and TAF using a yeast two-hybrid system, in
which many other cellular components may have contributed to the interaction.
Therefore, the author concluded that Sp1-QA did not interact by itself with TAF4N/C,

at least under the conditions examined.

2-4-2. C-terminal half of the Sp1-QB domain is responsible for the interaction with
TAF4

The author considered that the decrease in peak intensity of “N-Sp1-QB with
addition of unlabeled TAF4N/C resulted from the increase of the molecular weight of
the complex. Therefore, the author also examined the interaction between Sp1-QB and
TAF4 using smaller fragment proteins under slightly acidic conditions and a higher
temperature (pH 5.0 and 37 °C) to obtain spectra of Sp1-QB in complex, as summarized
in Table 1. The chemical shift values of only the residues within the range from the
central to C-terminal part of Sp1-QB significantly changed by the addition of unlabeled
TAF4-Q12 (Fig. 2-8A). The importance of the C-terminal region in Sp1-QB was further

confirmed using smaller fragment proteins in which Sp1-QB was divided into two parts,
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Sp1-QBn and Sp1-QBc. The addition of unlabeled Sp1-QBn did not significantly affect
the chemical shift values or intensities of the peaks of the 'H-"N HSQC spectra of
"N-TAF4-Q12, suggesting that these proteins did not strongly interact with each other
(Fig. 2-10A). On the other hand, remarkable changes in chemical shift values for many
residues were observed when unlabeled Spl1-QBc was added to “"N-TAF4-Q12,
indicating that only residues that consist of Spl1-QBc are sufficient for the interaction
between Sp1-QB and TAF4N/C (Fig. 2-10B).

The importance of the Spl-QBc region was further evidenced by reverse
experiments, in which the 'H-""N HSQC spectra of "N-Sp1-QBn or "N-Sp1-QBc were
compared in the absence and presence of unlabeled TAF4-Q12. No significant change
was observed in the spectra of ’N-Sp1-QBn, even in the presence of a five-fold molar
excess amount of unlabeled TAF4N/C (Fig. 2-9A, 2-9C). On the other hand, marked
differences were noted for many peaks in the spectra of “N-Spl-QBc in a
concentration-dependent manner of unlabeled TAF4-Q12 (Fig. 2-9B, 2-9D). These
results suggest that residues located in the center to C-terminal part of Spl-QB are

important for the interaction with TAF4.

2-4-3. TAF4-Q1 is responsible for the interaction with Sp1-QB

The author also elucidated the interaction region of TAF4 with Spl-QB, as
summarized in Table 1. There are four Q-domains in the central region of TAF4, and
one or more of these Q-domains are considered to be involved in the interaction with
various transcriptional activators such as Sp1 and CREB*'**, The author herein prepared
several types of "N-labeled fragment proteins from TAF4N/C and examined whether
they interact with Spl using 'H-"N HSQC experiments, which suggest that only the
fragment proteins that contain the region corresponding to the Ql-domain in TAF4
showed marked changes in chemical shift values (Fig. 2-6A, 2-6D, 2-7A, 2-7C). On the
other hand, the other regions did not show any significant change in spectra between the
absence and presence of unlabeled counterparts of the hetero-oligomer (Fig. 2-6B,
2-6C). A detailed analysis of the distribution of the residues showing marked changes in
chemical shift values following the addition of Spl1-QB revealed that the effects of
Sp1-QB were specific and localized within a narrow range of 455-480 of TAF4.

As described in chapter 1, the comparison of CD spectra suggested that while the

50



TAF4-Q12 and TAF4-Q34 domains were largely disordered, the central TAF4-CI
domain adopted a predominantly a-helical structure. However, a careful examination of
the 'H-"N HSQC spectrum of TAF4-Q12 revealed that several peaks appeared in the
lower field region (with higher chemical shift values) in the '"H chemical shift axis,
suggesting that weak hydrogen bonds may be formed in these residues. Furthermore,
most of these significantly dispersed peaks were markedly affected by the addition of
unlabeled Spl1-QB fragment proteins. In order to elucidate the presence of any
secondary structural elements, the author analyzed 'H, °N, “Ca, °Cg, and "*C' chemical
shift values using the CSI 2.0, CSI 3.0, and TALOS+ programs, which predict the
presence of secondary structural elements based on backbone chemical shift values and
comparisons with a large database of known protein structures® . The results of these
programs were consistent with each other (Fig. 2-13); all predicted the presence of a
short a-helical structure preceded by two f-strands connected by a loop (a possible
strand-turn-strand motif) in the center to the C-terminal region of TAF4-Q1. On the
other hand, most of the other residues were predicted to be largely disordered, which is

consistent with the poor chemical shift dispersion along the 'H axis.

|
VTQSLSRTPTATTSGIRATLTPTVLAPRLPQPPQNPTNIQNFQLPPGMVL

CSI 2.0 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCBB
CSI 3.0 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCTTTTCCCCCCCCBB
TALOS XXXCCCCCCCCCCCCCCCCCCCCCCCCCCCXXXCCCCHXXXXXXXXCCBB
Q1
.|
VRSENGQLLMIPQQALAQMOAQAHAQPQTTMAPRPATPTSAPPVQISTVQ
CSI 2.0 BBCCCCCBBBBCCHHHHHHHHCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

CSI 3.0 BBBCCBBBBBBCCCHHHHHCCCCCCCCCCCCCCCCCCCCCcceceeccccecce
TALOS XBCCCCCBBBCCHHHHHHHHHHHCCCCXXXXXXXCCCCCCXXXCCCCCcCC

Q2
L
APGTPIIARQVTPTTIIKQVSQAQTTVQPSATLORSPGVQPQLVLGGAAQ

CSI 2.0 CCCCCCBBCCCCCCCCCCCCCCCCCeeeecceceeeeccececceececceccececceccce
CSI 3.0 CCCCCCCCCCCccceeeeececeeeccececeececcecececececcecececececceccececccce
TALOS CCCCCXXXCCCXXCCCCCCcreeeeeeexxeeeeeeeeeexxeeeeceeeex

Figure 2-13. The prediction of secondary structures for TAF4-Q12 by backbone

chemical shift values of 'H, "N, "“Ca, “Cp, and “C' using CSI 2.0, CSI 3.0 and
TALOS+". C : random coil, H : a-helix, B : f-sheet, T : f-turn, X : undefined.
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The author also analyzed the primary sequence of TAF4, and found that not only
the highly conserved region (CI), but also the Q1 region was conserved very well
between vertebrates including fish and amphibia (Fig. 2-14), suggesting the importance

of this region in the function of TAF4.

I
Homo sapiens VTQSLSRTPT-ATTSGIRATLTPTVLAPRLPQPPONPTNIQNFQLPPGMVL
Bos taurus VTQSLPRTPS-ATTGGIRATLTPTVLAPRLPQPPONPTNIONFQLPPGMVL
Nipponia nippon VAQSLPRTPT-ATTSGIRATLTPTVLAPRLPQPPONPTNIQNFQLPPGMVL

Pelodiscus sinensis VAQSLPRTPT-ATTSGIRATLTPTVLAPRLPQAPONPTNIONFQLPPGMVL
Xenopus tropicalis VPPNLPRTPT-ALAGGIRATITPPMLAPRVPQPQONPASVONFQLPPGMVL

Danio rerio PNPRTAAPSTIAAAPGGVRPPAPQVLAPRLSQPQONTTNIQNIQLPPGMVL
Q1
.
Homo sapiens VRSENGQLLMIPQQALAQMOAQA-————====-— HAQ--PQTTMAPRPATPTSAPPVQISTVQ
Bos taurus VRSENGQLLMIPQQALAQMOAQA-—===m == HAQAQPQTTMAPRPATPTSAPPVQISTVQ
Nipponia nippon VRSENGQLLMIPQQALAQMOAQA-————————— HAQSQPONTMTPRPATPTSAPPVQISTVQ
Pelodiscus sinensis VRSENGQLLMIPQQALAQMOA-——=—===——m—-n HAQSQPONTMTPRPATPTSAPPVQISTVP
Xenopus tropicalis VRSESGQLLMIPQOALAOMOAQAQAQAQAQAQAQAQSQSONTMVPRPATPTSAPPVQISAVQ
Danio rerio IRSESGQLLMIHQQTLAQMOA === = =—m = mm e 0SQSQSAMTPRPAAPTSTPPVQTSLQT
Q2

|
Homo_sapiens APGTPIIARQVTPTTIIKQVSQAQTTVQPSATLORSPGVQPQLVLGGAAQ
Bos_taurus APGTPIIARQVTPTTIIKQVSQAQTTVQPSTALORSPGVQPQLVLGGTAQ
Nipponia nippon APGTPIIARQVTPTTIIKQVSQAQTTVQPTTTLORPPVVQPQIVLGGTAQ

Pelodiscus_sinensis APGTPIIARQVTPTTIIKQVSQAQTTVQPTTTLORPPVVQPQIVLGGTAQ
Xenopus tropicalis SPGAPLLARQVTPTII-KQVTQAPTTVQPTTTLORPPVVONQIVLGSTAQ
Danio rerio P-GTPLLTRPVTSTTIIKQASPVQTTGIVTTALQRPPVLONTVMLGVTAS

Figure 2-14. A sequence alignment analysis of the TAF4-Q12 region among various
species by ClustalW 2.1°°. The GenBank Accession Number or NCBI Reference
Sequence ID for the sequences are EAW75406.1, XP_015321532.1, XP_009459856.1,
XP_006126225.1, AAI21309.1, and XP_005163125.1, respectively. Identical residues

among different species are indicated by red.

In contrast to Q1 domain, the other three Q-domains (Q2, Q3, and Q4) as well as
the central highly conserved region, CI, did not show any evidence for an interaction
with Sp1-QB. TAF4 is known to interact with a number of transcriptional activators,
which are considered to recognize different parts of the TAF4 molecule®. For example,
the highly conserved region CI has been reported to bind to the short hydrophobic motif
DWWLLW®P present in transcriptional regulators®. Therefore, regions other than the
C-terminal part of the Q1 domain may be important for interactions with a number of

transcriptional regulators in the versatile regulatory protein TAF4.
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2-4-4. Quantitative analysis of the interaction between Q-domains of Spl and
TAF4

The author examined the interaction between Sp1-QB and TAF4N/C using SPR,
which provides the association and dissociation rate constants, k, and k,. Sensorgrams
were analyzed by the standard Langmuir model, which assumes 1:1 binding between
the ligand and analyte. The binding constant for Sp1-QB and TAF4N/C was calculated
to be 1.5 x 10* M, indicating a significant interaction between these proteins.

The author found the chemical shift perturbations for several residues of
PN-Sp1-QBc¢ were markedly changed in the presence of unlabeled TAF4-Q12 in a
concentration-dependent manner. The author analyzed changes in the chemical shift
perturbation of the 'H-"N HSQC spectra of Sp1-QBc recorded in the presence of
various concentrations of unlabeled TAF4-Q12 on the basis of the assumption that
binding stoichiometry between Spl-QBc and TAF4-Q12 is 1:1. By using this
assumption, chemical shift perturbation as a function of the concentration of TAF4-Q12
added was analyzed with equation [3]. From this analysis, the author estimated that the
binding constant between Spl1-QBc¢ and TAF4-Q12 was 1.4-2.8 x 10* M. These
values were consistent with the estimation by SPR experiments between full-length

Sp1-QB and TAF4N/C at pH 7.3 and 15 °C.

2-4-5. Self-association of Sp1-QB versus the heterogeneous interaction with TAF4

Q-domains are found in many nuclear proteins such as transcriptional factors, and
are considered to be important for molecular recognition. The promoter-specific
transcriptional factor Sp1 also possesses two Q-domains, QA and QB, which have been
suggested to be responsible for the self-association by Spl as well as the interaction
with TAF4. Biochemical studies indicated that the self-association of Spl enhances its
transcriptional activity synergistically, and this effect is known as “superactivation™*"".
On the other hand, the interaction between Spl and TAF4 (hTF;130), which is one of
the components of the general transcription factor TFIID, is considered to recruit RNA
polymerase II to the transcription initiation site and, thus, activate transcription.

The author and colleagues previously found that Spl1-QB self-associated under

nearly physiological condition, at pH 7.3 and 4 °C. This process was analyzed using

analytical ultracentrifugation, and the binding constant was estimated to be 4.5 x 10’
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M on the basis of a simple homo-dimerization model. The author and colleagues also
examined the signal intensities of the "H-"N HSQC spectra of Spl1-QB at various
concentrations, and found that the binding site was localized from the center to the
C-terminal of the molecule®. The binding site for the self-association of Sp1-QB was
similar to that for the interaction with TAF4N/C or TAF4-Q12 (Fig. 2-1C, 2-8D). This
result suggests that the self-association of Spl-QB domains and the heterogeneous
interaction between Sp1-QB and TAF4AN/C compete with each other. It is important to
note that the binding constant for the interaction of Spl-QB with TAF4N/C was
stronger than that for the self-association of Spl1-QB, suggesting that a heterodimer
composed of Sp1-QB and TAF4N/C is predominantly formed even if the two processes
compete. Therefore, the author propose the following interaction model as possible
events during the process of activation of certain DNA sequences by Spl. [1] The Spl
molecule first recognizes and binds via Zn-fingers to the GC-box located upstream of
the transcription initiation site”. [2] Spl molecules that bind to the same DNA will
self-associate with each other via their QB regions, and this process will synergistically
enhance affinity for the other transcriptional factors. [3] TAF4 preferentially interacts
with multiple Spl molecules, resulting in the recruitment of RNA polymerase as well as
the dissociation of the preformed Spl homo-oligomer. [4] The dissociation of the Spl
homo-oligomer results in the decrease of the number of Spl molecules near TAF4,
which may contribute to preventing prolonged transcriptional activation. Such a
negative-feedback mechanism is considered to be important for the proper regulation of
the timing of gene activation.

The association constant of the interaction between Q-domains in Spl and TAF4 is
on the order of 10* M. Moreover, the binding constant of self-association of Sp1-QB
was estimated to be on the order of 10° M™' by the author and colleagues previously™.
Since both binding constants are relatively low, the author assumes that there are some
concentration effects by DNA in vivo. In the case of Spl, it has three zinc fingers at its
C-terminus (see Fig. P-2B) which can bind to a GC-box on DNA (see Fig. P-1).
GC-boxes located upstream (approximately —70)* and 1.7 kb downstream of the
transcriptional start site. It has been considered that the Spl molecules bind to the
“distal” GC-box synergistically interacts with another Sp1l molecules at the “proximal”
binding site. Moreover, Spl has synergetic effect known as “superactivation”, which is

considered a result of the interaction between Spl molecules via the Q-domains™”'.
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That is, Spl form homo-oligomer on DNA. On the other hand, in the case of TAF4,
TAF4 is component of the general transcription factor TF;D which also contains the
TATA-box binding protein (TBP). In general, TATA-box also located upstream of the
transcriptional start site (approximately —30)*. Therefore, both Spl and TAF4 exist in
close spatial proximity near the transcription initiation site (Fig. P-1). If the interaction
is detected using Spl containing Q-domains and zinc fingers and TF;D containing
TAF4 and TBP, the association constant relatively becomes large by support of

concentration effects by DNA.

2-4-6. A rare interaction mode of the disordered region

The author identified the important regions for the interaction unambiguously as
Sp1-QBc and TAF4-Q1 (Table 1). As described above, the chemical shift values of
NMR signals are very sensitive indicators that reflect changes in the electron density of
the nucleus of interest, and therefore, slight changes in chemical shift values in 'H-""N
HSQC spectra are not necessarily linked to conformational changes in a protein. The
author analyzed the change in the chemical shift values of BCaq, *Cp, and °C', which are
sensitive indicators of backbone ¢ and 1 dihedral angles of the residue of interest. In
contrast to the results obtained for chemical shift differences in 'H-""N HSQC spectra,
no significant changes were observed in these "C chemical shift values, suggesting that
the structures of Sp1-QB and TAF4N/C do not significantly change when they interact
with each other (Fig. 2-11). The result of CD spectra also suggests that that the
interaction between Spl-QBc and TAF4-Q1 is not accompanied by the significant
conformational changes, in which a 1:1 mixture of Sp1-QBc and TAF4-Q1 was almost
identical to the sum of two separately measured spectra of two proteins (Fig. 2-12).

Among these proteins, the interacting residues in TAF4-Q1 were suggested to
partially fold into strand-turn-strand followed by an a-helix based on analyses of
backbone chemical shift values using CSI 2.0/3.0 and TALOS+. On the other hand, the
residues in Sp1-QBc did not show any preference for the formation of the secondary
structure in the interaction region with TAF4-Ql, although it was predicted to have

some (3-strands in the different region from the binding site (Fig. 2-15).
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GILQAISQETLONLQLQAVPNSGPIITRTPTVGPNGQVSWOTLOLONLQV
CSI 2.0 CCCCCCCCCCCcceeeecececcccceeBBBCCCCCCCCCCCCBBBCCCCCCCC
CSI 3.0 CCCCCCCCCCCCCCCCCCCCCCCBBBBBCCCCCCCCCCBBBBHCCCCCCC
TALOS+ XCCCCCCCCCCCCcccecececececceeeBBBCcCcCcCcCcCcCcCCCCCXXCCHHEECCCC

ONPQAQTITLAPMQGVSLGQT
CSI 2.0 CCCCcccceceecececcececececcecce
CSI 3.0 CCCCcccecececeeececcececececcecce
TALOS+ XXCCCCCcccceeeecececececececece

Figure 2-15. The prediction of secondary structures for Sp1-QBc by backbone chemical
shift values of 'H, N, "Ca, "Cg, and "*C' using CSI 2.0, CSI 3.0 and TALOS+7™>. C :
random coil, H : a-helix, B : f-sheet, X : undefined. The interaction region was

represented by red box.

Recent advances in bioinformatics and genome sequencing suggest that an
increasing number of eukaryotic proteins are intrinsically disordered. Many of these
IDPs are found to be involved in crucial and important cellular functions such as
transcriptional regulation, translation, and signal transduction. One of the important
structural features for these IDPs are “flexibility”, which has been suggested to enable
them to access a broad conformational space to interact with a wide array of
biomolecular targets. Many IDPs undergo a disorder-to-order transition to form
well-defined structures upon binding to their cellular targets. This process is called
“coupled-folding and binding”, and is suggested to be a common mechanism for IDPs
to interact with their target molecules. The author herein revealed the binding regions in
TAF4N/C and Sp1-QB, and found that at least the binding region of Sp1-QBc did not
change its conformation, even after binding to its target molecule, TAF4-Q1. The
results of the present study suggest that this binding mode is not categorized into the
well-accepted concept of the “coupled-binding and folding” mechanism, which might
be because the interaction through IDPs but not between an IDP and a folded protein.
The interactions though an IDP under the “coupled-binding and folding” mechanism are
reported in the case of interactions between IDPs and folded proteins™~.

Note that the association constant between Q-domains in Spl and TAF4 is

relatively weak, that is, on the order of 10* M (see 2-4-4.). In the experiments of the
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detection of conformational changes using "*C chemical shift values, the concentrations
of “N, "“C-labeled proteins and unlabeled proteins were around 100 uM because of
experimental limitations in triple-resonance NMR experiments (see Fig. 2-11). That is,
almost half amount of molecules does not form the complex formation. However, in the
case of Sp1-QBc, the 'H chemical shift values of the peaks that shifted by the addition
of unlabeled TAF-Q12 were around 8.2 ppm (see Fig. 2-9B), indicating that the
corresponding residues are random-coil like state. On the other hand, in the case of
TAF4-Q1, the maximum of changes in BC chemical shift values, Ad., was only around
0.03 ppm (see Fig. 2-11B). When Ad. value is greater than 1 ppm, formation of
secondary structure is suggested. From the results of NMR experiments of Sp1-QBc
and TAF4-Q1, the author assumes that both Sp1-QBc and TAF4-Q1 do not form any
secondary structure even if all Sp1-QBc and TAF4-Q1 molecules are involved in the

complex formation.

57



Chapter 3
Elucidation of mechanism for molecular recognition on the formation of
Sp1-TAF4 complex

3-1. Introduction

Early molecular biological study using the site-directed mutagenesis by Gill et al."
identified the residues involved in the interaction of Sp1-QBc with Drosophila TAF4
(dTAF,;110); the substitutions of amino acids were introduced into Sp1-QBc and then
the activities of interactions were evaluated by yeast two-hybrid assays. They found that
two mutations of Sp1-QBc, namely W464A and L467A/L469A/L472A, resulted in the
complete loss of binding ability to Drosophila TAF4. On the other hand,
Sp1-QBc-Q468A/Q470A/N471A mutation was not significantly affected the interaction.
That is, hydrophobic residues in this region, W464, L467, L469 and L472, were
reported to be important for the interaction. Note that the precision of the detection is
relatively low and the detection of the interaction is somehow indirect because this
method relies on the expression levels of the downstream gene.

On the other hand, the author identified that the interaction region of Spl was
around between 450 and 465 residue number by analyzing "H-"N HSQC spectra in
chapter 2. The author focused on the diference between the region determined by NMR
in chapter 2 and that reported by Gill et al'®. Notably, the binding region estimated by
NMR does not contain L467, L.469 and L472 residues. In chapter 3, the author
attempted to elucidate the effect of these hydrophobic residues on the interaction of
Spl-QBc with TAF4 in expectation of understanding mechanisms of molecular

recognitions.
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3-2. Materials and Methods

Protein preparation

The expression plasmids for Spl-QBc-W464A, Spl-QBc-L467A/L469A/L4AT2A
and Spl-QBc-Q468A/Q470A/N471A mutant proteins were constructed as fusion
protein with Ub contained N-terminal extension of a His6-tag using the QuickChange
method with pET-His6-Ub-QBc as a template. The pET-His6-Ub-Sp1-QBc-W464A,
pET-His6-Ub-Sp1-QBc-L467A/L469A/LA72A  and pET-His6-Ub-Spl1-QBc-Q468A/
Q470A/N471A vectors obtained were introduced into E. coli strain Rosetta2(DE3)/
pLysS (Novagen). The expression and purification of three kinds of Sp1-QBc mutants
were performed as wild type Sp1-QBc described in chapter 1.

Sp1-QBc (Spl [424-495]) and TAF4-Q12 (TAF4 [408-557]) were constructed as
fusion protein with Ub contained N-terminal extension of a His6-tag. The expression
and purification of these proteins were described in chapter 1.

All proteins were dialyzed against buffer C (20 mM sodium acetate, pH 5.0).

NMR experiments

'H-""N HSQC spectra were measured and processed as described in chapter 1 and 2.
Steady-state heteronuclear {'H}-"N NOE spectra were measured with or without
'H-saturation pulses at 4.7 ppm. The irradiation was performed at the strength of 25 kHz
for 5 seconds. The NOE values were calculated from the ratios of cross peak volumes
(Inog Myonor ) in the spectra recorded with (Iyog) and without (I, op ) 'H-saturation. All

spectra were measured at 37 °C.
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3-3. Results
3-3-1. Analyses of the interactions of Sp1-QBc¢ mutants with TAF4-Q12

Referring to the previous report by Gill et al."® in which the interactions were
investigated by yeast two-hybrid assays using Sp1-QBc mutants, the author attempted
to re-examine the interactions between Sp1-QBc mutants and TAF4-Q12 using purified
proteins by NMR spectroscopy. In the first step of the experiments, three kinds of
Spl1-QBc mutant proteins (Spl-QBc-W464A (Spl1-QBc-WA), Spl-QBc-L467A/
L469A/L4T2A (Spl1-QBc-L;A;) and Spl-QBc-Q468A/Q470A/N471A (QNA;)) were
prepared by E. coli overexpression systems. The three kinds of proteins were labeled
uniformly with °N and then the interactions with unlabeled TAF4-Q12 were analyzed
by 'H-""N HSQC spectra performed as described in chapter 2. The results showed that
both spectra of “N-Sp1-QBc-WA and ""N-Spl1-QBc-L;A; mutant proteins did not
change in peak intensities and positions even by the addition of excess amount of
unlabeled TAF4-Q12 (Fig. 3-1A and 3-1B). On the other hand, in the case of
PN-Sp1-QBc-QNA, mutant proteins, the position and peak intensities of the several
peaks changed by the addition of equimolar amount of TAF4-Q12, which was similar to
'H-""N HSQC spectra of the complex formed by wild type Sp1-QBc with TAF4-Q12
described in chapter 2 (Fig. 3-1C). These results suggest that both Sp1-QBc-WA and
Sp1-QBc-L;A; mutant proteins lost the binding affinity for TAF4-Q12. On the other
hand, Sp1-QBc-QNA, 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'®.
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Figure 3-1. (A-B) The 'H-"N HSQC spectra of "“N-Spl-QBc-WA (A) and
PN-Sp1-QBc-L;A; (B) mutant proteins measured in the absence (red) and presence of
5-fold amount of unlabeled TAF4-Q12 (blue). The concentrations of all the °’N-labeled
proteins were 50 uM. (C) The 'H-"N HSQC spectra of "N-Sp1-QBc-QNA, mutant
proteins measured in the absence (red) and presence of equimolar amount of unlabeled

TAF4-Q12 (blue). The concentration of "N-Sp1-QBc-QNA , mutant protein was 50 uM.

3-3-2. Comparing NMR spectra of wild type and mutant proteins of Sp1-QBc

In the previous section (3-3-1), the author confirmed that the results of previous
mutational study by Gill et al."® were consistent with the results of the NMR titration
experiments. That is, Sp1-QBc-WA and Spl1-QBc-L;A; mutants lost the affinity for
TAF4-Q12, while Sp1-QBc-QNA, mutant bound to TAF4-Q12. However, these results
were somehow 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 "H-"N HSQC spectra with that
of wild-type Spl1-QBc. The superposition of the spectra of wild type and mutant
proteins revealed that most of the peaks of the intensities and the chemical shift values
did not change. Therefore, the author considered that the structure of the protein was not

significantly perturbed by these mutations, although several residues did change their
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chemical shift values (Fig. 3-2). Furthermore, the author found that the residues, which
were affected by their mutations, were overlapped each other. However, these changes
in the 'H-"N HSQC spectra did not explain by itself the loss of function in
Sp1-QBc-W464A and Spl1-QBc-L;A; mutants, because almost the same changes in the
spectra were observed in Spl-QBc-QNA,; mutants, which bound to TAF4-Q12. A
careful comparison of the spectra between the mutant proteins and wild type protein
revealed that the residues affected by the mutations were largely overlapped. The author
noticed that those affected residues in ’N-labeled mutant proteins corresponded to those
in wild type "N-Sp1-QBc affected significantly by the addition of unlabeled TAF4-Q12
(see Fig. 3-4A and 3-4B in section 3-3-3).
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Figure 3-2. The overlapped 'H-"N HSQC spectra of ""N-Spl-QBc-WA (A),
"N-Sp1-QBc-L;A; (B), and “"N-Sp1-QBc-QNA, (C) mutant proteins with wild type
PN-Sp1-QBc. The concentrations of the proteins were 50 uM. The spectra of
N-Sp1-QBc wild type and “N-labeled Sp1-QBc mutant proteins are colored in red and
blue, respectively. Several peaks of those that showed marked differences in chemical

shift values are labeled by the residue name and number.
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In order to further examine the relationship between the complex formed by wild
type Spl-QBc with TAF4-Q12 and function-loss mutant proteins (Sp1-QBc-WA and
Sp1-QBc-L;A;), the 'H-"N HSQC spectra of those were superimposed (Fig. 3-3).
Surprisingly, the overlapped 'H-""N HSQC spectra showed that the affected peaks of
Sp1-QBc mutant proteins were shifted in opposite direction compared with the complex
formed by wild type Sp1-QBc with TAF4-Q12. Moreover, the four peaks were located
on a straight line (right panel in Fig. 3-3). That is, the affected peaks of wild type
Sp1-QBc in the absence of TAF-Q12 located between those of wild type Sp1-QBc in
the presence of TAF4-Q12 and Sp1-QBc mutant proteins.
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Figure 3-3. 'H-""N HSQC spectra of "N-Sp1-QBc-WA (green) and "N-Sp1-QBc-L,A,
(magenta), "N-Sp1-QBc in the presence and absence of unlabeled TAF4-Q12 (red and
blue, respectively). The concentrations of the '*N-labeled proteins were 50 uM. The
region indicated by the dotted box in the spectrum is expanded in the right panel. The
“wt”, “complex”, “LA” and “WA” represent the peaks of wild type Spl-QBc in the
absence of TAF4-Q12, wild type Spl-QBc in the presence of TAF4-Q12,
Sp1-QBc-L;A; and Spl1-QBc-WA, respectively. Arrows represent the direction from the
peaks of wild type Spl-QBc in the absence of TAF4-Q12 to those of the complex
formed by wild type Sp1-QBc with TAF4-Q12 or the mutant proteins.
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3-3-3. The analysis of Sp1-QBc-WA and the complex formation of wild type
Sp1-QBc with TAF4-Q12

In order to elucidate why the Sp1-QBc-WA and Spl1-QBc-L;A; mutant proteins
lost the affinity for TAF4-Q12, the author attempted to examine their structural
properties further in detail at the residue level. In order to clarify the results, the author
focused on the Spl-QBc-WA mutant, because this mutant protein showed larger
chemical shift changes than those of the Sp1-QBc- L;A; mutant protein (Fig. 3-3). The
apparent chemical shift perturbations of the Spl-QBc-WA mutant protein in the
absence of TAF4-Q12 compared with wild type Sp1-QBc in the absence of TAF4-Q12
were plotted against residue number of Spl (Fig. 3-4B). For comparison, the apparent
chemical shift changes of wild type Sp1-QBc upon the addition of unlabeled TAF4-Q12
were also shown in Fig. 3-4A. Those affected residues were fairly overlapped with the
binding site to TAF4-Q12. It should be noted that, the directions of the chemical shift
changes were opposite between the mutation and the binding with TAF4-Q12 (see Fig.
3-3).

Next, the author examined whether the Sp1-QBc-WA mutation and the complex
formation of wild type Sp1-QBc with TAF4-Q12 affected the dynamics of the protein
molecule. The relaxation rate constants of ’N-spins are mostly affected by the directly
bound 'H-spins. Therefore, the cross-relaxation rate constant of '’N-spin is the sensitive

8061 " The author measured heteronuclear

indicator for the mobility of “"N-'H vector
{'"H}-"N NOE values of the Sp1-QBc-WA mutant and wild type Spl1-QBc in the
absence and presence of unlabeled TAF4-Q12 (Fig. 3-4C and 3-4D). In these plot, the
negatively larger values suggest the higher mobility of the corresponding ’N-'H vectors.
The {'H}-"N NOE values of "N-Sp1-QBc-WA alone at the binding region were more
negative and those of "N-Sp1-QBc in the presence of TAF4-Q12 were a little more
positive than those of "N-Sp1-QBc in the absence of TAF4-Q12 (represented by red
boxes in Fig. 3-4C and 3-4D). Similarly to the changes in the chemical shift values, the
results were again the opposite direction between the Sp1-QBc-WA mutation and the
complex formation with TAF4-Q12. That is, the mobility of Spl1-QBc-WA mutant
protein at the binding region increased compared with wild type Spl-QBc, which
suggests to be related to the low affinity of Sp1-QBc-WA mutant. On the other hand, it
is natural that the mobility of the complex formed by wild type Spl-QBc with
TAF4-Q12 at the binding region decreased because the TAF4-Q12 should restrain the
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movement of the binding site in Sp1-QBc.
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Figre 3-4. Comparisons between wild type Sp1-QBc in the presence of TAF4-Q12 and
Sp1-QBc-WA mutant protein in the absence of TAF4-Q12. In all figures, red and light
green boxes represent the interaction regions determined by "H-""N HSQC experiments
in chapter 2 and the “A-region” (see 3-3-4), respectively. (A) The apparent chemical
shift change, A6 = \/(Aém)2 +(Ad,5y/5)’, calculated of wild type "N-Sp1-QBc measured
in the absence and presence of unlabeled TAF4-Q12 , which is same as Fig. 2-9D. (B)

The apparent chemical shift change of “N-Sp1-QBc-WA mutant protein alone
compared with "N-Sp1-QBc in the absence of TAF4-Q12 calculated from those of the
'H-"N HSQC spectra. An asterisk (%) shows the position of the mutation. (C-D)
Heteronuclear {'H}-""N NOE values of wild type Sp1-QBc in the absence and presence
of TAF4-Q12 and Spl1-QBc-WA mutant protein in the absence of TAF4-Q12 were
shown by black, blue and red bars, respectively. Note that, the top is negative for better
understanding. (E) Changes in the "’C chemical shift values of "N,"”C-Sp1-QBc in the
absence and presence of an equimolar amount of unlabeled TAF4-Q12. This is the

expanded figure of Fig. 2-11A.

3-3-4. Investigation of conformation changes in Sp1

The above observations emphasized that the ‘“negative” correlations between

65



Sp1-QBc-WA mutant protein and the complex formed by wild type with TAF4-Q12 in
the central region (450-465) of the Sp1-QBc molecule. That is, the direction of the
chemical shift change and the mobility of each residue ({'"H}-""N NOE value) showed
the opposite tendency. The author noticed by the careful analysis of these chemical shift
data that another region (430-445 in Spl, called as “A-region”) also showed a different
effect by the mutation and TAF4-Q12 binding (represented by light green box in Fig.
3-4A and 3-4B). From the {'H}-"N NOE values in this region, the mobility of the
complex formed by wild type Spl-QBc with TAF4-Q12 decreased, while that of the
Sp1-QBc-WA mutant protein increased (represented by light green box in Fig. 3-4C
and 3-4D). And then, the author reconsidered *C chemical shift change, which indicates
secondary structure propensity. The “C chemical shift change of Sp1-QBc plotted
against the residue number of Spl (Fig. 3-4E) showed that the values at the region
around residue number of 435 increased. In this plot, positive value indicates o-helix
propensity and negative value does -strand propensity. That is, a-helical propensity of

the A-region in wild type Sp1-QBc increased by the addition of TAF4-Q12.

3-4. Discussion
3-4-1. Re-examination of the interaction of Sp1-QBc¢ mutants to TAF4 by NMR
Early molecular biological study identified that W464, L467, L469 and L472 in
Spl involved in the interaction of Spl1-QBc with TAF4 by yeast two-hybrid assays
using Sp1-QBc mutants by Gill et al'®. The region containing these residues was
slightly different from the region identified in chapter 2. In particular, almost no
chemical shift perturbations were observed at the region of the C-terminus from L467
containing L467, L469 and L472 (Fig. 3-4A), which suggests that the addition of
TAF4-Q12 does not affect the environment of the spins at the region in Sp1-QBc. The
results indicates that TAF4-Q12 does not bind to this region in wild type Sp1-QBc. The
author attempted to clarify the reason why the interaction region identified in chapter 2
was inconsistent with that reported by the mutational studies by Gill et al'®. One of the
possible reasons is the difference in the method to detect the interaction, that is, NMR
chemical shift perturbations and yeast two-hybrid assays. Therefore, the author
re-examined the effect of mutations of Spl1-QBc by the NMR experiments in a similar

manner to the detection of the interaction region of wild type Sp1-QBc. In the first step
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of experiments, the author prepared mutant proteins used in the reported study by Gill et
al.'®, that is, Sp1-QBc-WA, Sp1-QBc-L;A;, and Sp1-QBc-QNA,; mutant proteins. The
results revealed that Spl-QBc-WA and Spl-QBc-L;A; mutants did not bind to
TAF4-Q12, and that Sp1-QBc-QNA; mutant bound, which was consistent with the
previous report using yeast two-hybrid assays'® (Fig. 3-1).

3-4-2. A possible formation of transient hydrophobic core

The two different kinds of method showed the same results that Sp1-QBc-WA and
Sp1-QBc-L;A; mutant proteins did not bind to TAF4-Q12, and that Sp1-QBc-QNA,
mutant protein bound. Therefore, the author considered that the loss of the interaction
ability of the Spl-QBc-WA and Spl1-QBc-L;A; was attributed to the nature of the
proteins.

The author analyzed 'H-"N HSQC spectra of wild type "N-Spl1-QBc in the
absence and presence of unlabeled TAF4-Q12, and two kinds of Spl-QBc mutant
proteins (Sp1-QBc-WA and Sp1-QBc-L;A;) which lost the binding to TAF4-Q12 (Fig.
3-3). As a result, the regions of the relative chemical shift perturbations changed largely
in wild type "N-Sp1-QBc in the presence of TAF4-Q12 and “"N-Sp1-QBc-WA in the
absence of TAF4-Q12 were overlapped. Moreover, the affected peaks of Sp1-QBc-WA
shifted in opposite direction compared with those of wild type Sp1-QBc in the absence
of TAF4-Q12, and four kinds of peaks were located on a straight line.

In NMR experiment, when a protein is in equilibrium between two states
exchanging fast (k,, > 10’ s'), the peak position is located at the average of the spectra
of two states. On the other hand, in the case of slow exchange (k,, < 10 s™), two peaks
are observed®. In addition, NMR peaks reflect relative populations of two states. In the
NMR titration experiments of Sp1-QBc in chapter 2, the position of the affected peaks
shifted with the concentration of unlabeled TAF4-Q12 (see Fig. 2-9B), which represents
that the association and dissociation of Sp1-QBc with TAF4 exchange fast. Then, since
the affected peaks of wild type Sp1-QBc in the absence and presence of TAF4-Q12,
Spl1-QBc-WA alone and Spl-QBc-L;A; alone were also located on a straight line
similar to the superimposed spectrum from the titration experiments of "N-Sp1-QBc
with unlabeled TAF4-Q12, the author 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
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to Sp1-QBc-WA and the other is similar to the complex formation. Here, all mutated
residues (W464, L467, L469 and L472) are hydrophobic and mutually close at least in
the primary sequence. It is important to note that these two kinds of 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, 1469 and L472 might be important to interact with TAF4-Q12. The author calls
one state having transient hydrophobic core as a “residual state” and the other state
similar to Sp1-QBc-WA as a “random state”.

This hypothesis is consistent with the results of heteronuclear {'H}-"N NOE
experiments. The results of the analyses of the NOE values showed that the mobility at
the interaction region in Sp1-QBc-WA mutant protein increased and that in wild type
Sp1-QBc decreased compared with that in wild type Sp1-QBc without TAF4-Q12 (Fig.
3-4C and 3-4D). On the other hand, it is supposed that the mobility of the “residual state”
and the “random state” are low and high, respectively. That is, it is accountable that the
conformations of the “residual state” and the “random state” at the interaction region are
similar to those of the complex formed by wild type Spl-QBc and Spl-QBc-WA,

respectively.

3-4-3. The conformational changes introduced to the region distant from the
binding site

Compared the apparent chemical shift changes of "N-Sp1-QBc in the presence of
TAF4-Q12 with that of "N-Sp1-QBc-WA mutant protein in the absence of TAF4-Q12,
different tendency was observed around residue number of 440, and then the author
herein calls this region as “A-region” (light green boxes in Fig. 3-4A and 3-4B).

The relative chemical shift perturbations at the A-region in the complex formed by
wild type "“N-SplQBc with unlabeled TAF4-Q12 are larger than those in
"N-Sp1-QBc-WA alone in comparison with "N-Sp1-QBc alone, while the extent of
changes at the A-region upon the complex was one third of those observed at the
interaction region (Fig. 3-4A), suggesting that the A-region did not appear to be the
direct binding site. On the other hand, the results of {'"H}-""N NOEs showed that the
mobility of the A-region in the complex formed by wild type Sp1-QBc decreased and
that in the Sp1-QBc-WA mutant protein increased (Fig. 3-4C and 3-4D). Moreover, the
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"C chemical shift changes of the complex formed by wild type Spl-QBc at the
A-region indicated relatively large positive values (Fig. 3-4E). That means the A-region
gets o-helical propensity with the addition of TAF4-Q12. Therefore, the author
supposed that some conformational changes might occur in the A-region (Fig. 3-5).
Although it is not possible at this stage to distinguish these conformational changes
occur sequentially or simultaneously, the two kinds of conformational changes, that is, a
transient formation of a-helical structures at the A-region and the clustering of W and L
residues, might be caused by the binding of TAF4-Q12.

The author considers the conformational change at the A-region is classified as
allosteric effect. Although allosteric effects are often found in the interaction between
folded proteins and are related to many important biological functions of them, the
effect in an IDP has never been found. The allosteric effect of Spl suggests the
possibility that the A-region in Spl-QBc interacts with other proteins including
transcription factors. In future, developments of molecules that bind to the A-region in

Spl bring better understanding about physicochemical properties of transcription

regulation through Spl.
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Figure 3-5. Schematic representation of equilibrium of wild type Sp1-QBc. Sp1-QBc
and TAF4-Q1 are colored by red and blue, respectively. In Sp1-QBc, N-terminus and
C-terminus are shown in figure. “W” and “L” represent the residues which are
substituted by A in this study. Wild type Sp1-QBc is assumed to be in fast equilibrium
between the “random state” and the “residual state” when the interaction partner,
TAF4-Q12, does not exist. Furthermore, if TAF4-Q12 exists, a-helicity of N-terminal

region of Sp1-QBc (“A-region”, represented by black circle) increases.
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Conclusions

The transcription factor Spl 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 Spl and TAF4 and identified the interaction regions of Spl and TAF4 at
residue level using high-resolution NMR experiments. Moreover, in order to determine
conformational changes, the author evaluated "C 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 Spl and TAF4. That is, it is revealed that the interaction mode between
Spl 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 "N-labeled Sp1-QBc-WA, Sp1-QBc-L,A; and Sp1-QBc-QNA, mutant proteins in
addition to wild type "N-Sp1-QBc in the absence and presence of unlabeled TAF4-Q12.
Through several NMR experiments, the author assumed that Spl-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

Spl and TAF4, but also the interactions through IDPs.
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