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An increasing number of proteins, which have neither
regular secondary nor well-defined tertiary structures,
have been found to be present in cells. The structure of
these proteins is highly flexible and disordered under
physiological (native) conditions, and they are called
“intrinsically disordered” proteins (IDPs). Many of
the IDPs are involved in interactions with other
biomolecules such as DNA, RNA, carbohydrates, and
proteins. While these IDPs are largely unstructured by
themselves, marked conformational changes often occur
upon binding to an interacting partner, which is known
as the “coupled folding and binding mechanism”, which
enable them to change the conformation to become
compatible with the shape of the multiple target
biomolecules. We have studied the structure and inter-
action of eukaryotic transcription factors Spl and
TAF4, and found that both of them have long intrinsi-
cally disordered regions (IDRs). One of the IDRs in Sp1
exhibited homo-oligomer formation. In addition, the
same region was used for the interaction with another
IDR found in the TAF4 molecule. In both cases, we have
not detected any significant conformational change in
that region, suggesting a prominent and novel binding
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and novel binding mode for IDPs/IDRs.

< Significance »

The “coupled folding and binding mechanism” has been suggested to be important for intrinsically disordered proteins/regions (IDPs/IDRs) in
order to interact with multiple interaction partners in cells. We have studied the structure and interaction of eukaryotic transcription factors Sp1
and TAF4, and found that both of them have several IDRs. One of the IDRs in Sp1 exhibited homo-oligomer formation. The same region was also
used for the heteromolecular interaction with TAF4. In both cases, no significant conformational change was detected, suggesting a prominent

mode for IDPs/IDRs, which are not categorized by
the well-accepted concept of the coupled folding and
binding mechanism.

Key words: protein-protein interaction, conformational
change, coupled folding and binding, nuclear
magnetic resonance, transcription factor

Introduction

Almost all processes occurring in living cells, including
DNA replication, gene expression, metabolism, and energy
transduction, are executed by the cooperation of various
proteins, sometimes in concert with RNAs and prosthetic
groups. It has been suggested that the function of a particu-
lar protein is correlated with its three-dimensional structure
in a one-to-one manner. For example, enzymes have a
unique cavity or cleft that fits to the transition state of the
compound to be catalyzed (substrate-binding pocket), and
subsequent reaction proceeds efficiently by an appropriate
spatial arrangement of amino acids that comprise the
activity-center [1,2]. The tight and specific binding between
antibody and antigen is also accomplished by suitable fold-
ing of an antibody molecule to fit the shape of the target
antigen [3]. The functional form adopted by a protein under
physiological conditions is called the native structure,
which is unique and thermodynamically the most stable, as
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demonstrated by Anfinsen [4].

However, an increasing number of proteins, which have
neither regular secondary nor well-defined tertiary struc-
tures, have been found to be present in cells. Furthermore,
recent advances in bioinformatics and genome sequencing
suggest that considerable numbers of eukaryotic proteins
are predicted not to fold into the “native” structures in cells
[5]. The structure of these proteins is highly flexible and
disordered under physiological (native) conditions, and
they are called “natively unfolded”, “intrinsically unstruc-
tured”, or “intrinsically disordered” proteins [6,7]. In some
cases, most parts of a molecule adopt a well-defined tertiary
structure, but have a long stretch (more than ~50 residues)
of sequence that is highly flexible. Such parts of molecules
are called “intrinsically disordered regions”.

Many of these intrinsically disordered proteins (IDPs)
and intrinsically disordered regions (IDRs) in proteins are
involved in interactions with other biomolecules such as
DNA, RNA, carbohydrates, and proteins [8,9]. While these
IDPs/IDRs are largely unstructured by themselves, marked
conformational changes often occur upon binding to an
interacting partner, which is known as the “coupled folding
and binding mechanism” [10]. This mechanism indicates
that IDPs/IDRs are able to change their conformation to
become compatible with the shape of the interacting partner
molecules. Many IDPs/IDRs interact with not only a single
but also multiple target biomolecules, and are considered to
act as “hub” molecules in the interacting network com-
posed of proteins and other biomolecules [11,12].

We have studied the structure and interaction of eukary-
otic transcription factors Spl and TAF4, and found that
both of them have long intrinsically disordered regions
[13—15]. One of the IDRs in Spl exhibited homo-oligomer
formation. In addition, the same region was used for the
interaction with another IDR found in the TAF4 molecule.
In both cases, we have not detected any significant confor-
mational change in those regions, that is, the binding site of
Spl to another Spl or TAF4 remains poorly structured
during the process of homo- or hetero-oligomer formation.
On the other hand, the binding site of TAF4 to Spl was
also mostly disordered, but any significant conformational
changes were not detected upon interaction. These observa-
tions suggest a prominent and novel binding mode for
IDPs/IDRs, which are not categorized by the well-accepted
concept of the coupled folding and binding mechanism.

The native structure of proteins

The native structure of a protein is stabilized by a number
of interactions, including electrostatic forces, hydrogen
bonds, van der Waals forces, and hydrophobic interactions
[16,17]. These interactions are closely influenced by each
other. For example, the strength of a Coulomb force
between two are known to be dependent on a reciprocal of
the square of the distance between them, and it is also
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reciprocally depended on the dielectric constant of the
surroundings.

a9
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where ¢, and ¢, are the electric charge of points, ¢ is the
dielectric constant of surroundings, and r is the distance
between two charges. Equation (1) is also true for hydrogen
bonds, because it is a kind of Coulomb force between func-
tional groups induced by anisotropically distributed elec-
trons. Importantly, most proteins, apart from membrane-
integrated proteins, are surrounded by water molecules
under physiological conditions, and the relative dielectric
constant of water is as large as 80. This indicates that elec-
trostatic forces and hydrogen bonds have much weaker
effects on the stability of the native structure of a protein if
it is exposed on the surface of a molecule. Most proteins
are composed of a variety of hydrophilic and hydrophobic
amino acids. As indicated by their names, hydrophilic
amino acids are usually distributed on the water-accessible
surface of a protein molecule, and hydrophobic amino acids
are buried inside the protein to form a “hydrophobic core”.
The relative dielectric constant in the “hydrophobic core” is
estimated to be approximately ~10, indicating that the
hydrogen bonds formed in the hydrophobic core are ~8-
times stronger than those formed at the surface of a
molecule, resulting in the formation of well-ordered sec-
ondary structures, which in turn induces more tight packing
of hydrophobic amino acid residues. This results in a tightly
packed protein molecule, with an atomic packing factor of
a typical protein molecule being ~0.75, which exceeds the
value of a hexagonal closest-packing structure (0.73).

Intrinsically disordered proteins/regions (IDPs/
IDRs)

During the long history of evolution, not only the shape
and characteristics of organisms but also the structure and
function of proteins have progressed. The native structure
of proteins found today is considered to be a result of the
optimization of amino acid sequences under selective pres-
sures. Therefore, every protein should fold into a unique
three-dimensional structure, the native structure, in order to
exert its physiological function. However, since the early
1990s, a considerable number of proteins have been found
to be present in cells that do not have regular secondary nor
ordered tertiary structures. Because these proteins lack
unique native structures under physiological (native) condi-
tions, they are collectively called “intrinsically disordered
proteins (IDPs)”. In some proteins, not the entire molecule
but a long fluctuating part of more than 50 amino acid
residues is present, which are called “intrinsically disor-
dered regions (IDRs)”.

One of the important structural features of IDPs/IDRs is
that the relative amount of hydrophobic residues contained
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in these proteins/regions is small compared with typical
globular proteins. In addition, the isoelectric point of most
IDPs/IDRs markedly shifts toward acidic (pl ~ 4) or basic
(pI ~ 10) regions, indicating that they are highly charged
under physiological pH conditions [18]. These structural
features, reduced hydrophobicity and greater charge repul-
sion, may prevent IDPs/IDRs from forming a well-ordered
native structure, which is stabilized by the presence of a
hydrophobic core and strong hydrogen bonds deep inside a
compactly packed protein molecule.

Many IDPs/IDRs have been found in eukaryotic cells,
especially in the nucleus. Most of them are involved in a
variety of important cellular processes, including signal
transduction, transcriptional activation, and cell cycle regu-
lation. A common function underlying these processes is to
interact with other biomolecules such as proteins and
nucleic acids. Although IDPs/IDRs are by themselves dis-
ordered under physiological conditions, many of them
acquire a well-ordered three-dimensional structure upon
binding to their interaction partner molecules. This is called
the “coupled folding and binding” mechanism, and it is
considered as the common paradigm for the interaction of
IDPs/IDRs.

We have been analyzing the homo-oligomer formation of
specificity protein 1 (Spl), one of the transcriptional activa-
tors found in eukaryotic cells. We also investigated hetero-
molecular interactions between Spl and TAF4 (TATA-box
binding protein associated factor 4). We identified a region
that is responsible for interaction by these proteins, and
found that this region is intrinsically disordered. Moreover,
we did not detect any significant conformational change in
those regions upon binding, suggesting a novel interaction
mechanism for IDPs/IDRs.

Transcription factors Sp1 and TAF4

The properly timed and coordinated expression of
eukaryotic genes is regulated, in part, at the level of tran-
scription initiation. The promoter-specific transcription fac-
tor Spl is expressed ubiquitously, and plays a primary role
in regulating the expression of more than 100 genes [19].
It consists of multiple functional domains, including a
C-terminal DNA-binding domain with three C,H,-type zinc
fingers, and two transcriptional activation domains, A and
B, which are characterized by glutamine-rich sequences
(Fig. 1) [20-22]. The glutamine-rich (Q-rich) domain is one
of the representative transcriptional-activation motifs found
in many transcription factors and has been suggested to be
involved in protein—protein interactions [23-25]. Q-rich
domains have been shown to be involved in the interaction
between Spl and different classes of nuclear proteins, such
as TATA-binding protein associated factors (TAFs), which
are components of the general transcription factor TFIID
[26-28]. The interaction between Spl and TAF4, which
also has four Q-rich domains in the central part of the
molecule, is considered to recruit RNA polymerase II to the
transcription initiation site and activate transcription.

In addition to the interaction with other proteins, the self-
association of Spl is also important for the regulation of
transcriptional activity. While binding of Spl to the
GC-box located immediately upstream of the transcriptional
start site strongly induces the expression of the encoded
protein, it has also been shown that a GC-box located
1.7 kb downstream of the transcriptional start site could also
act as a transcriptional enhancer. It has been considered that
the Sp1 molecule that bound to the “distal” (far away from
transcriptional start site) GC-box synergistically interacts
with another Spl molecule that bound to the “proximal”
(nearby the transcription site) GC-box. Furthermore, the

Figure 1

(A) Schematic representation of the interaction between cellular specific transcription factor, Spl, and TAF4, one component of the

general transcription factor. (B) Schematic drawings of the primary structures of the transcription factor Spl and TAF4. Two Q-rich regions in
Spl and four regions in TAF4 are shown in gray, and three zinc finger domains in Sp1 are indicated in black.



formation of a multimeric structure by itself seems func-
tionally important. It was indicated that the promoter
activity of the transcriptionally active form of Spl was
markedly enhanced by the addition of a DNA binding-
deficient (fingerless) mutant. This synergetic effect is
known as “superactivation”, and considered as a result of
the interaction between Spl molecules via Q-rich domains
[29,30].

These observations prompted us to elucidate the structure
and the mechanism of interaction, which leads to the for-
mation of homo-oligomers by Spl as well as the hetero-
molecular complex between Spl and TAF4.

Hibino and Hoshino: Interaction of intrinsically disordered proteins 89
QB domain of Sp1 is intrinsically disordered

Although there are two Q-rich domains in Spl, we found
that the QA domain did not contribute significantly to the
interaction with other Sp1 molecules as well as TAF4. Our
results were supported by the observation that a truncated
mutant of Spl protein lacking the QA region was shown to
possess significant transcriptional activity. Therefore, we
first attempted to elucidate the conformation of the QB
domain of Sp1, as well as possible structural changes upon
the formation of homo-oligomers. The high-resolution
solution-state NMR analysis revealed that the isolated-QB
domain of Spl was intrinsically disordered under physio-
logical conditions at pH 7.3 (Fig. 2A). The chemical shift

Figure 2 (A) Overlay of the 'H->"N HSQC spectra of 'N-QB domains in the absence (red) and presence (blue) of an excess amount of unla-
beled QB domains at pH 7.3 and 4°C. (B) The relative peak intensity of 'H-'"N HSQC spectra plotted against the residue number of the QB
domain. The intensity in the presence of a 10-fold amount of “N-protein relative to that in its absence is shown. The position of glutamine and
aliphatic (Val, Leu, and Ile) residues is indicated by blue and red circle, respectively.
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dispersion along the 'H-axis was extremely narrow, and all
peaks were present between 8.6 and 7.6 ppm. This is the
result of a lack of strong hydrogen bonds that stabilize the
secondary structures.

During the analysis of NMR spectra, we found that the
peak intensity in 'H-'N HSQC spectra of the Spl1-QB
domain was markedly decreased with an increase in tem-
perature. This temperature dependency was opposite from
what is observed for typical globular proteins. The peak
height of Lorentzian line shape is inversely proportional to
the transverse rate constant, R,, which is approximately
proportional to the overall rotational correlation time, 7., of
the molecule. As a protein molecule tumbles faster (smaller
7) at higher temperature, the NMR signals become sharper
and their intensity should increase with temperature.
Another factor that affects peak intensity of amide proton is
the exchange with solvent water molecules, especially
those in the experiments with “solvent suppression” pulse
sequences. In this case, faster exchange rate by higher tem-
perature is expected to result in smaller intensity. We there-
fore considered that the amide hydrogen atoms are
exchanging ecasily with those in solvent water molecules,
suggesting the lack of a rigid hydrophobic core that should
be present in a typical globular protein.

NMR peaks are sensitive indicators of changes in the
local environment surrounding relevant amino acid
residues. We found that a significant number of peaks in the
'H-N HSQC spectrum of *N-labeled QB were decreased
in the presence of an excess amount of unlabeled QB
domain (Fig. 2A). Note that the 'H-'>N HSQC spectrum
specifically detects signals from "N spin, of which natural
abundance is very low (0.37%) compared to NMR-invisible
isotopic nucleus N (99.6%). Therefore, the presence of
unlabeled QB should not affect the appearance of the
'H-15N spectrum of 'SN-QB unless they interact with each
other. The relative peak intensity in the presence of excess
“N-QB protein to that recorded in its absence was plotted
against the residue number (Fig. 2B). It was clearly shown
that the residue with a decreased intensity was located from
the center to the C-terminal part of the molecule. This sug-
gests that the interaction between isolated QB domains is
site-specific, and the affected residues may represent an
important binding site for the molecular interaction. A care-
ful comparison with the amino acid type revealed that these
regions are relatively rich in aliphatic residues, suggesting
the involvement of hydrophobic interaction.

Although NMR results clearly indicated that particular
residues were involved in homo-oligomer formation, the
information of possible conformational change is missing
because those residues disappeared in the spectrum. In
order to elucidate this point, we measured CD spectra of
QB proteins at different concentration from 50 to 300 uM
(Fig. 3). All spectra perfectly overlapped, suggesting that
no significant conformational change occurred at least at
the secondary structural level.

Figure 3 Far UV-CD spectra of Sp1-QB domains measured at
4°C. Three traces recorded at different protein concentrations, 50
(red), 100 (blue), and 300 (green) uM, are overlaid.

Heteromolecular interaction between Sp1 and
TAF4

Another important function of Spl is to interact with
TAF4, one component of the general transcription factor
that recruits RNA polymerase II in order to initiate gene
transcription. We examined whether isolated QB domains
from Spl and TAF4 interact with each other by comparing
'H-SN HSQC spectra of "N-Sp1-QB measured in the pres-
ence or absence of an unlabeled Q-rich region derived from
TAF4 (Fig. 4A). We found that selective residues located
from the center to C-terminus of Sp1-QB showed a signifi-
cantly decreased intensity on the addition of an excess
amount of unlabeled TAF4-Q-domains (Fig. 4B). More-
over, the distribution pattern of affected residues was
almost the same as that observed in Spl-QB homo-
oligomerization (Fig. 2B). This suggests that the formation
of homo-oligomers by Sp1-QBs might compete with the
heteromolecular interaction between Sp1-QB and TAF4-Q-
domains.

The above observation clearly demonstrated that the
residues located from the center to C-terminus of Sp1-QB
were involved both in Spl-homo-oligomerization and Spl-
TAF4 heteromolecular complex formation. In each case,
the analysis of CD spectra suggested that no significant
conformational change occurred at least at the level of the
global secondary structure. However, further analyses on
the structure of the resulting complex is not possible
because those peaks involved in complex formation
decreased in intensity and finally disappeared in the 'H-'>N
HSQC spectra on increasing the concentration of unlabeled
partner proteins. By analyzing several sets of fragment pro-
teins of Spl1-QB and TAF4-Q-domains, we identified the
minimal fragments responsible for the interaction between
Spl and TAF4 as the C-terminal half of Sp1-QB (QBc) and
the first Q-rich domain (Q1 fragment) of TAF4. Further-
more, interaction between these fragment proteins did not
result in a decrease of the peak intensity but displacement
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Figure 4 (A) 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 TAF4-Q-domains measured at 4°C. (B) The relative peak intensity of 'H-'"N HSQC spectra plotted against the residue number of
Sp1-QB. Intensity in the presence of the same concentration of unlabeled TAF4-Q-domains relative to that in its absence is shown. The position of
glutamine and aliphatic (Val, Leu, and Ile) residues is indicated by blue and red circle, respectively.

of peaks in the 'H-"N HSQC spectra in a concentration-
dependent manner (Fig. 5A).

We therefore examined the '*C-chemical shift change
upon interaction between Q-domains of Spl and TAF4 pro-
teins. The chemical shift values of "*C,, *Cg, and "*C' are
known to be influenced sensitively by the ¢ and ¢ dihedral
angles of the residue of interest, and have been used to
analyze secondary structures at residual resolutions.
Notably, no significant differences in C chemical shift
values were found throughout the molecules in either pro-
tein, even for residues that showed a marked change in the
chemical shift values in '"H-"N HSQC spectra (Fig. 5B).
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.

A novel interaction mode of the disordered region

One of the important structural features for these IDPs is
“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 com-
mon mechanism for IDPs/IDRs to interact with their target
molecules. We revealed that the C-terminal part of Sp1-QB
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Figure 5 (A) Selective regions of overlaid 'H-'"N HSQC spectra
of the C-terminal fragment of "N-Sp1-QB measured in the presence
of various concentrations of unlabeled TAF4-Q12-domain. Spectra in
the absence and presence of 0.5, 1.0, 1.5, 2.0, and 2.5 molar ratio of
unlabeled TAF4-Q12 to N-Spl1-QBc are colored in red, orange,
green, blue, purple, and black, respectively. (B) Change in the chemi-
cal shift values of *C, of "N'3C-TAF4-Q1 and "N'3C-Sp1-QBc upon
the addition of an equimolar amount of unlabeled partner proteins.
Formation of significant secondary structures is represented by a
change of more than 0.5 ppm.

is responsible both for the homo-oligomerization of Spl
and for the heteromolecular interaction to form the Spl-
TAF4 complex. Furthermore, both Spl1-QB and TAF4-Q-
domains were largely disordered under physiological
conditions, and their conformation did not change signifi-
cantly. The results of the present study suggest a prominent
and novel binding mode for IDPs/IDRs, which are not cate-
gorized by the well-accepted concept of the coupled folding
and binding mechanism. This novel mode of interaction
might be common for the interaction between an IDP and
another IDP, that is, it might be the result of two flexible
IDPs mutually fitting each other. Such a phenomenon may
not be a major interaction mode of IDPs, but similar exam-
ples have been reported. Sigalov et al. showed that one of
the IDPs, T Cell receptor { chain, formed a homodimer by
itself, as well as a heterodimer with the SIV Nef protein
[31,32]. Another example has been found in the interaction
between the C-terminal domain of Caldesmon [33]. A simi-
lar binding manner was also observed between IDR of p53

and the designed peptide [34]. These results may suggest a
novel mode of interaction for IDPs that enables them to
recognize many different cellular target molecules.
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