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Abstract: The promoter-specific transcription factor Sp1 is expressed ubiquitously, and plays a
primary role in the regulation of the expression of many genes. Domains A and B located in the
N-terminal half of the protein are characterized by glutamine-rich (Q-rich) sequences. These Q-rich
domains have been shown to be involved in the interaction between Sp1 and different classes of
nuclear proteins, such as TATA-binding protein associated factors. Furthermore, the self-
association of Sp1 via Q-rich domains is also important for the regulation of transcriptional
activity. It has been considered that an Sp1 molecule bound to a “distal” GC-box synergistically
interacts with another Sp1 molecule at a “proximal” binding site. Although the formation of
multimers via Q-rich domains seems functionally important for Sp1, little is known about the
structural and physicochemical nature of the interaction between Q-rich domains. We analyzed the
structural details of isolated glutamine-rich B (QB) domains of Sp1 by circular dichroism (CD),
analytical ultracentrifugation, and heteronuclear magnetic resonance spectroscopy (NMR). We
found the isolated QB domains to be disordered under all conditions examined. Nevertheless, a
detailed analysis of NMR spectra clearly indicated interaction between the domains. In particular,
the C-terminal half was responsible for the self-association. Furthermore, analytical
ultracentrifugation demonstrated weak but significant interaction between isolated QB domains.
The self-association between QB domains would be responsible, at least in part, for the formation
of multimers by full-length Sp1 molecules that has been proposed to occur during transcriptional

activation.
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Introduction

The properly timed and coordinated expression of
eukaryotic genes is regulated, in part, at the level of
transcription initiation. The promoter-specific tran-
scription factor Spl is expressed ubiquitously, and
plays a primary role in the regulation of the expres-
sion of many genes.! It consists of multiple func-
tional domains, including a C-terminal DNA-binding
domain with three CsHs-type zinc fingers, and
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two transcriptional activation domains, A and B,
which are characterized by glutamine-rich sequences
(Fig. 1).2* The glutamine-rich (Q-rich) domain is
one of the representative transactivation motifs found
in many transcription factors and has been impli-
cated in protein—protein interactions.’”’ Q-rich
domains have been shown to be involved in the inter-
action 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.5'2 The interaction
between Spl and TAF4 via each Q-rich domain is
considered to recruit RNA polymerase II to the tran-
scription initiation site and activate transcription.

In addition to the interaction with other pro-
teins, the self-association of Spl via Q-rich domains
is also important for the regulation of transcrip-
tional activity. The binding of Spl to the GC-rich
DNA sequence element (GC-box) located immedi-
ately upstream of the transcriptional start site
strongly induces the expression of the encoded pro-
tein. On the other hand, it has been shown that a
GC-box located 1.7 kb downstream of the transcrip-
tional start site could also act as a transcriptional
enhancer.'® It has been considered that the Sp1 mol-
ecule which bound to the “distal” GC-box synergisti-
cally interacts with another Spl molecule at the
“proximal” binding site. The formation of a multi-
meric form of Spl on the DNA molecule was also
evidenced by scanning electron microscopy, in which
a “loop” structure was formed by a plasmid DNA
containing several Spl-binding sites.'*'® Further-
more, the formation of a multimeric structure by
itself seems functionally important. It was indicated
that the promoter activity of the transcriptionally
active form of Spl was enhanced dramatically by
the addition of a DNA binding-deficient (fingerless)
mutant. This synergetic effect is known as “superac-
tivation,” and considered a result of the interaction
between Sp1 molecules via the Q-rich domains.'%6

Although the multimers formed via Q@Q-rich
domains seem functionally important for Spl, little
is known about the structural and physicochemical
mechanism of the interaction between Q-rich
domains. Among two Q-rich domains in Spl, we
focused here on the glutamine-rich B (QB) domain
because the truncated protein lacking QA domain is
shown to possess a transcriptional activity.'®> We an-
alyzed the structural features of isolated QB domain
of Spl by circular dichroism (CD), analytical ultra-
centrifugation, and heteronuclear NMR spectroscopy.
The CD and NMR analyses demonstrated that the
isolated QB domain was largely disordered. Never-
theless, a detailed analysis of the cross peak inten-
sity of NMR spectra recorded at different protein
concentrations clearly indicated interaction between
QB domains. In particular, the C-terminal half of
the domain was responsible for the self-association
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of QB domains. Furthermore, analytical ultracentri-
fugation demonstrated weak but significant self-
association between the isolated QB domains. The
self-association between QB domains would be
responsible, at least in part, for the formation of mul-
timers by full-length Spl molecules that has been
proposed to occur during transcriptional activation.
The results also propose a novel interaction mode of
intrinsically disordered proteins that does not accom-
pany with significant conformational change.

Results and Discussion

Secondary structural analysis by CD
spectroscopy

We first measured far-UV CD spectra to examine
the secondary structure of the isolated QB domain of
Spl at pH 7.3 and 4°C (Fig. 2). The spectrum
showed a minimum at 200 nm, indicating that the
protein does not have a rigid, well-ordered secondary
structure. However, close examination revealed a
broad shoulder at around 230-220 nm, suggesting a
partially and/or transiently folded structure to be
present. To examine whether isolated QB domains
interact with each other, we compared the spectra
recorded at various concentrations of protein. By
using an assembling cell with a light path of 0.1
mm, we could obtain far-UV CD spectra at a protein
concentration as high as 300 pM, nearly corre-
sponded to NMR measurements (see below).
Although the protein concentration was varied from
50 to 300 pM, all the spectra were virtually identi-
cal. We also measured the spectra at lower protein
concentrations from 5 to 25 pM using a standard cell
with a light path of 1 mm, but found no significant
change in the spectra (data not shown). In addition,
a similar spectrum with a minimum at 200 nm was
obtained at different temperatures (25 and 37°C),
indicating that the protein was predominantly
unfolded under all the conditions examined.

Backbone resonance assignments for the QB
domain of Sp1

The secondary and tertiary structures of the QB
domain were analyzed by nuclear magnetic resonance
(NMR) spectroscopy, which provides detailed informa-
tion on the structure and dynamics of proteins at an
atomic resolution. We first measured the 'H-'°N spec-
tra of the QB domain at different temperatures, and
found that the signal intensity decreased dramati-
cally at higher temperature (Supporting Information
Fig. S1). This is not due to temperature-dependent
conformational change as we obtained virtually the
same CD spectra at different temperatures, but is
partly due to rapid exchange with the solvent water
at higher temperature. We therefore decided to per-
form all the NMR experiments at 4°C.
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Figure 1. (A) Schematic representation of the transcription
factor Sp1. Two glutamine-rich domains, QA and QB, and
three zinc finger domains are indicated. (B) Amino acid
sequence of the QB domain of Sp1 used in this study. Two
fragment proteins, Bn ('T-S%, in blue) and Bc °Q-T"%’, in
red), were also used to facilitate the assignment. The
proteins were expressed as a fusion protein with
glutathione S-transferase (GST) at the N-terminus, which
was cleaved during the purification. The residual linker
amino acids at the N-terminus are indicated by small
capitals in green. The proteins also contain anti-FLAG and
hexahistidine tags at the C-terminal.

Figure 3 shows a 'H-'°N HSQC spectrum of the
QB domain recorded at 4°C with the resonance
assignments indicated. The cross peaks in the spec-
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trum dispersed poorly, and all the backbone ‘Hy
resonances appeared within the range of 8.5-7.5
ppm. The results indicate that neither a well-defined
secondary nor a rigid tertiary structure was formed
under the conditions examined, consistent with the
results of CD spectroscopy. To facilitate the signal
assignment of the QB domain, we prepared two
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Figure 3. 'H-'SN HSQC spectra of QB domains measured 4°C. The assignments of signals are indicated by a single-letter
code and residue number in the same colors as in Figure 1(B). A total of 129 residues among 138 nonproline residues (the N-
and C-terminal extensions were not included) were unambiguously assigned.

Hiramatsu et al.

PROTEIN SCIENCE ‘ VOL 21:1481-1488

1483



fragment proteins, Bn and Be, which cover the N-
and C-terminal part of the QB protein, respectively
(Fig. 1). The overlay of two spectra obtained by Bn
and Bc corresponded very well to that of QB protein
(Supporting Information Fig. S2). This indicates
almost no interaction between the N- and C-termi-
nal halves of the QB molecule, consistent with the
observations above that the QB protein does not
have a well-ordered tertiary structure.

Secondary chemical shift analysis

It is known that the chemical shift value of 3C,
depends closely on the secondary structure adopted
by the residue.!” Secondary chemical shift, the devi-
ation of the observed value from that expected for
random coils, was plotted against residue number
(Supporting Information Fig. S3). For most of the
residues, the value was within the threshold range
(-0.5 < Ad¢, < +0.8), indicating again that no well-
ordered secondary structures are formed in isolated
QB domains. A detailed analysis of the plot, how-
ever, revealed that a sequence of residues around
the central part of the molecule (from E85 to 1.90)
had significantly larger values, indicating a weak
tendency for the formation of an o-helix in this
region. Interestingly, this region was also identified
by several secondary prediction methods such as the
PHD and NewdJoint methods,*®*2! suggesting a tend-
ency to form an o-helix.

Concentration-dependent change of the
N-HSQC spectra

While the CD spectra provide averaged, overall sec-
ondary structural information on proteins, the inten-
sity and position (chemical shift value) of each NMR
peak sensitively reflects the change in the environ-
ment surrounding the nuclear spin. Therefore, we
expected a detailed analysis of H-'°N HSQC spectra
to be able to reveal the intermolecular interaction
between isolated QB domains, although any signifi-
cant change was not detected in CD spectra at dif-
ferent concentrations of the protein (Fig. 2). To
examine any intermolecular interaction between iso-
lated QB domains, H-*N HSQC spectra of °N-la-
beled QB were measured in the absence and pres-
ence of an excess amount of unlabeled QB [Fig.
4(A)]. Although the two spectra were very similar to
each other, a detailed analysis revealed a significant
decrease in intensity and a slight displacement in
peak position for several residues.

Relative peak intensity in the presence of a
10-fold “N-QB protein to that recorded in its
absence was plotted against residue number
[Fig. 4(B)]. It was clearly shown that the residue
which decreased in intensity was located from the
center to the C-terminal part of the molecule. This
suggests that the interaction between isolated QB
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domains is site-specific, and the affected residues
may represent an important binding site for the mo-
lecular interaction. A careful comparison with amino
acid type revealed that these regions are relatively
rich in aliphatic residues, suggesting the involve-
ment of hydrophobic interaction. Interestingly, the
region includes several residues important to the
physiological function of full-length Spl as revealed
by mutational studies, such as Trpll6, Leull9,
Leul2l, and Leul24.22 This suggests the molecular
association between QB domains to be important for
the physiological function of Spl.

Analytical ultracentrifugation

Although the analysis of NMR spectra suggested
interaction between isolated QB domains, we failed
to detect any accumulation of the dimer or higher
oligomeric molecular species by size-exclusion chro-
matography (data not shown). We then measured
the sedimentation equilibrium by analytical ultra-
centrifugation, which provides detailed information
for weakly interacting proteins such as weight-aver-
aged molecular weights and equilibrium constants.

We first analyzed the results by assuming that
the protein molecule is monodispersed in the solu-
tion. In such a case, the logarithm of the protein
concentration would linearly depend on the square
of the radius, as shown in Eq. (1) (see Materials and
Methods). The plots, however, clearly deviated from
linearity, showing an upward curvature at larger r2
values [Fig. 5(A)]. This demonstrated that the molec-
ular weight of the isolated QB domain in the solu-
tion was not uniform, and equilibrium should exist
between the monomer and higher oligomeric states.
Correspondingly, the slope of the plots, which gives
the weight-averaged molecular weight of the protein,
provided a significantly larger value than that
expected from the amino acid sequence (Supporting
Information Table S1).

Although we do not know the type of multimeric
state present in the monomer—oligomer equilibrium of
the QB domain, we assumed a monomer—dimer equi-
librium as the simplest approximation [Egs. (2) and
(3)]. The plots of three independently performed experi-
ments at different protein concentrations were globally
fit to Eq. (3), while fixing the molecular weight of the
monomer M; at 18,400 [Fig. 5(B)]. The fitting con-
verged well and provided a K, value of 4.5 x 10° M,
suggesting that the association is considerably weak.

Titration with unlabeled QB domains

monitored by °N-HSQC

We repeated the 'H-'°N HSQC measurements at a
fixed concentration of the °N-labeled QB domain in
the presence of various concentrations of the unla-
beled QB domain at molar ratio of 1:1, 1:2, 1:5, or
1:10. As expected from the previous results [Fig.
4(B)], the cross peaks could be divided into two

Weak Association in Intrinsically Disordered Proteins
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Figure 4. (A) Overlay of the "H-">°N HSQC spectra of 'N-QB domains in the absence (red) and presence (blue) of unlabeled
QB domains at 4°C. Concentrations of '>N-QB were 50 uM in both spectra, and an excess amount (500 pM) of unlabeled QB
was added. Expansion of the spectra in a representative region is shown in the right panel. The signal for Q113 showed a
dramatic decrease in intensity and a slight upfield shift upon an increase in the total protein concentration. (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 positions of glutamine residues as well as several
characteristic amino acid residues, positively/negatively charged or hydrophobic, are indicated on the top of the graph. (C)
Relative peak intensity of several representative residues plotted against total protein concentration. Samples containing a
constant concentration (50 pM) of the '>N-QB domain and various concentrations (50-500 pM) of '*N-QB were prepared, and
peak intensity relative to that in the absence of "*N-QB was plotted against the total concentration of protein (*°N-QB + '*N-
QB). A broken line indicates the relative fraction of monomer at a given total protein concentration on the assumption of a

monomer—dimer equilibrium [Eq. (2)] at K, = 4.5 x 10> M,

groups, one independent of the added unlabeled QB
domain, and the other showing a significant
decrease in intensity. The results for several repre-
sentative residues are shown in Figure 4(C). Inter-
estingly, the plots corresponded well among residues
belonging to the same group. Furthermore, the plots
for decreasing residues also corresponded well to the

Hiramatsu et al.

monomeric fraction calculated based on Eq. (2) with
an estimated K, of 4.5 x 10> M and total protein
concentrations at each point.

The decrease in peak intensity may be attributed
to line broadening by the chemical exchange. It was
theoretically known that the line-width of an NMR
peak would be very broad, and become practically
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Figure 5. Sedimentation equilibrium analysis of the QB
domain at protein concentrations of 50 (open circle), 100
(cross), and 150 uM (closed circle) and at 4°C. (A) In(c) versus
72 plot. The straight lines in the plot give a weight-averaged
molecular weight of 21.3-24.4 kDa for each concentration
(Supporting Information Table S1), which is apparently larger
than that expected from the amino acid sequence (18.4 kDa).
In addition, the data significantly deviated from the lines,
indicating that proteins are not in a monodispersed state. (B)
Plot of concentration versus radius with a theoretical fit using
Eq. (3). Three independent sets of experimental data were
globally fit to provide a K, value of 4.5 x 10> M™". The
molecular weight of the monomer was fixed at 18.4 kDa
during the fit.

“invisible,” when the nuclear spin is exchanging
between two or more chemical environments at a
time constant of ps to ms.2® Although the exact
nature of the equilibrium is unknown, the association
between isolated QB domains is not strong as evi-
denced by sedimentation equilibrium experiments.
Therefore, a number of association and dissociation
events between QB domains should occur repeatedly
during NMR measurements. A 10-fold difference in
the total protein concentration would be enough to
shift the apparent rate constant for the intermolecu-
lar interaction to that of a ps to ms time-scale, where
NMR peaks will apparently “disappear” because of
the chemical exchange line broadening.
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Sp1 is an intrinsically disordered protein
Recently, a number of proteins that do not have
any rigid tertiary structure, generally known as
intrinsically disordered proteins (IDPs), or that con-
tain a long disordered region of more than 50 residues,
called an intrinsically disordered region (IDR), have
been reported.2* Although their biological roles are not
fully understood, most IDPs/IDRs are -considered
involved in molecular recognition, such as protein-pro-
tein, protein-nucleotide, and protein-membrane inter-
actions.?>?% Many transcription factors also have long
disordered regions, which are considered to form or-
dered structures upon binding with ligands.

In this study, we clearly demonstrated that the
QB domain of Spl corresponds to a long intrinsically
disordered region. Interestingly, while most of the
IDPs/IDRs are considered to show a large conforma-
tional change upon binding to its ligands, the inter-
action between QB domains does not accompany
with significant conformational change. The gluta-
mine-rich domain of Spl are supported to be impor-
tant in the self-association, but they are also sug-
gested to associate with the glutamine-rich domains
of the other transcriptional factor such as TAF4. A
weak but significant interaction without large
conformational change found in this study might
propose a novel mode of interaction of IDPs/IDRs
that enables to recognize many different ligands.

Materials and Methods

Materials

5N-Ammonium chloride, U-*Cg-glucose and deute-
rium oxide were purchased from SI Science (Sai-
tama, Japan). Other reagents were purchased from
Nacalai Tesque (Kyoto, Japan).

Protein expression and purification

The expression plasmids for glutamine-rich domains
of Spl (QB [342-488], Bn [342-424], Bc [421-488])
were constructed as fusion proteins with glutathione
S-transferase (GST) at the N-terminal by inserting
the genes of interest into the pGEX1 vector (Amrad).
Each protein contains the three-residue N-terminal
extension and the C-terminal extension of a FLAG-
octapeptide-tag followed by a hexahistidine-tag (Fig.
1). The expression vectors encoding GST-Q-rich-
FLAG/His fusion protein were introduced into Esch-
erichia coli strain BL21(DE3). Transformed bacteria
were grown in Lucia broth medium containing 50 pg
mL™! of ampicillin. Uniformly !°N-labeled and
130,1°N-1abeled proteins were prepared from cells
grown in M9 minimal medium with 0.5 g L7!
BNH,CI and 2 g L 3C-glucose/0.5 g L™ ®NH,C],
respectively. Bacterial cells were grown at 37°C, and
isopropyl-p-np-thiogalactopyranoside = (IPTG) was
added to the medium when the absorbance at 600
nm reached 0.6. After the IPTG was added, growth

Weak Association in Intrinsically Disordered Proteins



temperature was decreased to 25°C and cells were
further incubated overnight. Cells were harvested
by centrifugation at 5000g for 15 min at 4°C.

The collected bacterial cells were suspended in
buffer A (300 mM NaCl, 50 mM sodium phosphate,
pH 8.0) containing 1 mM phenylmethanesulfonyl
fluoride, and disrupted by sonication with intermit-
tent 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 10,000g for 60 min at
4°C, and the cell extract was loaded onto HisTrap
FF (GE Healthcare). The column was washed with
buffer A containing 20 mM imidazole, and bound
protein was eluted with buffer A containing 500 mM
imidazole.

The eluted protein was dialyzed against buffer B
(140 mM NaCl, 20 mM sodiumphosphate, pH 7.3),
and digested by a protease factor Xa (QIAGEN) to
cleave the peptide bond between the GST-tag and
Q-rich domain. The protein was incubated for 16 h at
20°C at a ratio of 1 U of enzyme per 200 pg of sub-
strate protein. The digested protein mixture was
loaded onto Glutathione Sepharose 4B (GE Health-
care), and flow-through fractions were collected. After
the GST-tag moiety was removed, the Q-rich domain
was further purified by gel-filtration 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 gel-filtra-
tion chromatography and SDS-PAGE. The purified
proteins were collected and concentrated with Amicon
Ultra (Millipore), and stored at 4°C.

Circular dichroism (CD)

CD spectra were measured on a Jasco J-820 spectro-
polarimeter. A standard quartz cell with a 1-mm
light path length, or an assembling cell composed of
a pair of quartz plates with a 0.1-mm path length
was used to record the spectra at protein concentra-
tions of up to 300 M. The results are expressed as
mean residue ellipticity [0]. Four scans were aver-
aged for each sample.

NMR measurements

NMR spectra were measured on a Bruker DMX600
spectrometer with a triple-axis-gradient and triple-
resonance probe. Sequence-specific resonance assign-
ments were obtained by analyzing the 3D-HNCACB
and 3D-hNcocaNH spectra recorded at 4°C.2"2® The
concentrations were 1 mM °N,'3C-labeled protein,
126 mM NaCl, 18 mM sodium phosphate (pH 7.3)
and 10% Ds0O (90% buffer B and 10% D50). The
spectra were processed with nmrPipe and analyzed
with nmrDraw and PIPP.29:3

Hiramatsu et al.

Analytical ultracentrifugation
Sedimentation equilibrium experiments were per-
formed with a Beckman XL-A analytical ultracentri-
fuge at 25,000 rpm. The measurements were made
at 4°C. The molecular weight and partial specific
volume (v) of the QB domain were assumed from the
amino acid composition to be 18,400 and 0.7302 cm?
g1 respectively.>! The density (p) of the buffer (140
mM NaCl, 50 mM Na-phosphate, pH 7.3) at 4°C was
assumed to be 1.0068 g cm 3. All experiments were
performed using double-sector 12-mm-thick char-
coal-epon centerpieces and matched quartz windows.
If a protein molecule is monodispersed in a
solution, the plot of the logarithm of the protein con-
centration (¢) depends linearly on the square of the
radius (7).

d(In )
d(r2)

_ M(1-vp)w?
- 2RT =

where M is the molecular weight of the protein, and
R, T, and ® are the gas constant, absolute tempera-
ture, and rotor speed, respectively.

If, on the other hand, the protein is in equilib-
rium between the monomeric (M) and dimeric (D)
states at the association constant K,

ka
2M =2 D (2)

the ¢ versus r plots should be analyzed by the theo-
retical equation of the integrated form of Eq. (1) on
the basis of the monomer—dimer equilibrium.3%33

Mi(1—10p)w?
|: 1( 2RTp) (I"Z _ r%)
2K, 2M1 (1 — vp)w?
2 1
+ Chio [Ml ] exp {72121,

CT = CMo €Xp

-] @

where ct is the total protein concentration as the
monomer, cyo 1S the monomer concentration at the
arbitrary radius point ro and M; is the molecular
weight of the monomer. The measurements at three
different protein concentrations under the same
buffer conditions were carried out using a rotor with
three cells, and the results at different concentra-
tions were globally fitted to Eq. (3) using the Igor
Pro software program (WaveMetrics).
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