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ABSTRACT: Fibroin-modulator-binding protein 1 (FMBP-1) is a factor that binds the transcriptional activation
elements of the fibroin gene. It has a novel structure, consisting of four tandem repeats (R1-R4) of 23
amino acids each in the C-terminal half. This region is referred to as the STPR (score and three amino
acid peptide repeat) domain and acts as a DNA-binding domain in FMBP-1. Interestingly, the homology
among the four repeats is remarkably high. Here, we have determined the three-dimensional structures of
the four repeats by NMR. All four repeat units have basically the same structure: a shortR-helix in the
N-terminal half maintained by a salt bridge and an N-capping box. CD studies showed that the full-length
STPR domain was 31% helical in solution. This is explained by the connections among the four short
helices that were determined separately by NMR. From the thermal-denaturation study, it can be deduced
that these four helices in the full-length STPR domain moved flexibly with no interaction among them.
However, the specific DNA caused a distinct increase, of up to 76%, in theR-helical content of the
full-length STPR domain. This finding suggests that the binding of the full-length STPR domain to specific
DNA causes an induced-fit conformational change that increasesR-helicity; the poorly structured regions
of the protein may form a regular secondary structure. Furthermore, the mutation analysis showed that
the four repeats of the STPR domain raise the possibility of interaction with DNA in different ways.

The domestic silkwormBombyx moriis a good candidate
to be a host for the production of useful proteins (e.g., human

collagen) on an industrial scale because its silk glands
synthesize vast amounts of silk protein (1). The silk glands
of B. mori develop during the embryonic stage and dif-
ferentiate into three compartments: anterior, middle, and
posterior silk glands. The posterior silk gland specially
generates heavy-chain fibroin (H-fibroin, generally called
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fibroin), light-chain fibroin (L-fibroin), and fibrohexamerin,
which are assembled into an insoluble fibroin thread (2-7).
However, the middle silk gland secretes several members
of the sericin protein family that provide the thread with a
sticky coating (8-15). This gland does not secrete fibroin
protein (7, 16). Interestingly, these silk proteins are synthe-
sized and accumulate in the larval feeding stages of silkworm
development but not in the moulting stages (4, 6, 11, 13,
15). These tissue- and spatial-specific gene expressions are
this organism’s most significant characteristics, and they are
regulated by several transcriptional factors (17-23).

Fibroin-modulator-binding proteins 1, 2, and 3 (FMBP-1,
-2, and -3)1 were identified as specific binding factors that
bind the AT-rich elements upstream from and in the intron
of the fibroin gene (23). These elements were reported to
enhance transcription from the fibroin core promoter, which
covers only the TATA box and initiation region (24, 25). A
previous study found that FMBP-2 and FMBP-3 were the
same proteins as two well-known transcriptional factors, the
Bm fork head (Bm Fkh) and POU-M1, which had winged-
helix-type and POU-homeodomain-type DNA-binding do-
mains, respectively (26, 27). However, the molecular and
structural details of FMBP-1 remain unknown.

The FMBP-1 gene encodes a 218-amino-acid protein,
which is divided into two regions according to its amino
acid sequence (28). The N-terminal region, residues 1-98,
shows a weak similarity to the AP2 domain, which is a DNA-
binding domain of transcriptional factors in higher plants,
such as APETALA2 (29), EREBP-1 (30), and RAV1 and
RAV2 (31). However, the C-terminal half has a novel
structure composed of four tandem repeats of 23 amino acids
each (Figure 1). This region is referred to as the STPR (score
and three amino acid peptide repeat) domain. A previous
study indicated that the full-length STPR domain (R1-R4)
specifically recognized the AT-rich sequence (ATNTWT-
NTA), whereas the truncation of even one repeat unit (R1-
R3, R2-R4, and so on) almost completely eliminated the
domain’s binding ability (28). Therefore, the STPR domain
acts as a DNA-binding domain in FMBP-1. To the best of
our knowledge, the homology among the four repeat units
of FMBP-1 is much higher (approximately 80%) than that
of any transcription factors ever reported. In addition, this
repeated structure, composed of 23 amino acids per repeat,
is found in a wide spectrum of eukaryotes, including humans,
mice,Drosophila, andCaenorhabditis elegans, according to
various database searches (28). Thus, the STPR domain
appears to be a general motif with important implications
for the DNA-binding function, but it is not known exactly
how the four repeat units bind DNA.

Here, as a first step toward understanding the structural
characteristics of the STPR domain, we used CD measure-
ments to collect structural information about the four peptide
fragments constituting that domain and the full-length STPR
domain. We then determined the 3D structures of the peptides
of the four repeat units in aqueous solution by NMR.
Furthermore, to examine the effects of DNA on the secondary
structure of the full-length STPR domain, the CD spectrum
in the presence of the specific DNA was compared with that
in the absence of DNA. Finally, to understand the correlation
between structure and function, we prepared some mutants
of the full-length STPR domain on the basis of the
determined structures and evaluated their DNA-binding
abilities. These results suggest that the full-length STPR
domain partially forms four shortR-helices in solution.
However, the specific DNA caused a distinct increase, up
to 76%, in theR-helical content of the full-length STPR
domain, reminiscent of an induced-fit mechanism. This is
the first article to describe the structural analysis of a novel
DNA-binding domain, the STPR domain.

MATERIALS AND METHODS

Preparation of Peptides.For the CD and NMR experi-
ments, the four 23-residue peptides that constitute the STPR
domain (R1: NH2-ETSEERAARLAKMSAYAAQRLAN-
COOH; R2: NH2-ESPEQRATRLKRMSEYAAKRLSS-
COOH; R3: NH2-ETREQRAIRLARMSAYAARRLAN-
COOH; and R4: NH2-ETPAQRQARLLRMSAYAAKRQAS-
COOH) were purchased from Sigma Genosys (Hokkaido,
Japan). These peptides were prepared using the solid-phase
method with standard Fmoc (N-(9-fluorenyl)methoxycarbo-
nyl) chemistry. Purification was carried out by reverse-phase
HPLC with a TSKgel ODS-80Ts column (TOSOH, Japan)
to give final products of>95% purity. Each peptide was
eluted with a 5-80% linear gradient of acetonitrile in 0.1%
trifluoroacetic acid (TFA), and the eluant was monitored by
UV absorbance at 225 nm. The peptides were characterized
by mass spectrometry, which gave the expected mass peaks.

1 Abbreviations: FMBP-1, fibroin-modulator-binding protein 1;
STPR, score and three amino acid peptide repeat; CD, circular
dichroism; NMR, nuclear magnetic resonance; Fmoc,N-(9-fluorenyl)-
methoxycarbonyl; HPLC, high-performance liquid chromatography;
TFA, trifluoroacetic acid, GST, glutathioneS-transferase; PBS, phosphate-
buffered saline; DQF-COSY, double-quantum-filtered correlated spec-
troscopy; TOCSY, total correlation spectroscopy; NOE, nuclear
Overhauser effect; NOESY, NOE spectroscopy; DANTE, delay
alternating with mutation for tailored excitation; DSS, 2,2-dimethyl-
2-silapentane-5-sulfonate sodium salt; EMSA, electrophoretic mobility
shift assay; HSQC, heteronuclear single-quantum coherence spectros-
copy; BMRB, Biological Magnetic Resonance Data Bank; SUMO,
small ubiquitin-like modifier; PDB, Protein Data Bank.

FIGURE 1: Sequences of the FMBP-1 STPR (score and three amino
acid peptide repeat) domain. (a) Functional domains of FMBP-1.
The STPR domain is a DNA-binding domain of FMBP-1. The box
with diagonal lines and the black box show acidic and hyper-basic
regions, respectively. (b) Sequence of the FMBP-1 STPR domain
and homology among four repeats. The repeats were designated
R1, R2, R3, and R4. The amino acids most frequently used among
the four repeats are adopted as the amino acids of the consensus
sequence. Amino acids are given in single-letter code, and conserved
residues are shown as white letters against a black background.
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Preparation of the Full-Length STPR Domain for CD
Spectral Measurements.To measure the CD spectrum, we
constructed a protein comprising the full-length STPR
domain. The preparation for the plasmid construction of this
domain was detailed previously (28). The resultant pGEX-
6P-1 plasmid, containing an insert that encoded a full-length
STPR domain fragment, was introduced into the BL21 cell
for overexpression of its product.Escherichia coli was
cultured at 37°C, and the expression of the GST-fusion
protein was induced by the addition of 1 mM isopropyl-â-
D-thiogalactopyranoside. After incubation for a further 4 h,
the cells were harvested, washed, and resuspended in
phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM
KCl, 4.3 mM Na2HPO4, and 3.2 mM KH2PO4). The cells
were broken by sonication and the addition of 10% Triton
X-100 to a final concentration of 1%. The supernatant
obtained by centrifugation was mixed with glutathione-
Sepharose (Amersham Biosciences, Piscataway, NJ) at 4°C
overnight. The Sepharose beads bound to fusion protein were
washed with PBS. The sample was digested with PreScission
Protease (Amersham Biosciences) for 16 h at 4°C to remove
the GST tag (the addition of 10 units PreScission Protease
to 1 mg of protein), and the supernatant obtained by
centrifugation was collected. Next, the sample solution was
dialyzed against buffer A (50 mM sodium phosphate buffer
at pH 7.0) and loaded on an SP sepharose column (Amer-
sham Biosciences) equilibrated with buffer A. The protein
was then eluted by a linear gradient from 0 to 1 M NaCl.
The peak fractions were pooled, and the buffer was changed
to 10 mM sodium phosphate buffer (pH 6.2). The sample
was stored at-30 °C.

CD Spectroscopy.CD spectra were measured in each 23-
residue peptide (R1, R2, R3, and R4) and in the full-length
STPR domain, which were obtained by peptide synthesis and
expression inEscherichia coli, respectively. CD experiments
in the range of 200-250 nm were recorded on a Jasco J-725
spectropolarimeter using standard procedures. Measurements
were taken using a 1 mmquartz cell at 25°C, except for the
thermal denaturation experiment. The concentrations of all
four peptides and the full-length STPR domain were 40-60
and 15µM, respectively, in a 10 mM sodium phosphate
buffer (pH 6.2). The ellipticity values obtained for the buffer
were subtracted from the experimental values obtained for
the peptide or protein samples. The secondary structure
contents of the peptides and proteins were calculated using
the K2d algorithm (available at http://www.embl-heidel-
berg.de/∼andrade/k2d.html) (32). CD data obtained at 25
°C were used as input for the program. Thermal denaturation
curves were recorded in the temperature range 0-80 °C at
222 nm by a step-scan procedure at a heating rate of 25
°C/h.

Two-Dimensional1H NMR Spectroscopy and Structural
Calculations.To determine the 3D structure by NMR, four
peptides, each corresponding to a repeat of the STPR domain
of FMBP-1 (R1, R2, R3, and R4), were targeted. The peptide
concentration was 1.5-2.5 mM in the buffer (10 mM sodium
phosphate buffer at pH 6.2) dissolved in either 99% D2O or
90% H2O/10% D2O. In hydrogen ion titration analysis with
NMR, the pH was downward-titrated by the stepwise
addition of HCl up to pH 1.6. The NMR experiments were
performed on Alpha 600 and ECA 600 spectrometers (JEOL,
Tokyo, Japan). The majority of the NMR spectra were

recorded at 20°C, and some experiments were also recorded
at 30 °C to resolve ambiguities. DQF-COSY spectra (33)
were collected at 20 and 30°C. TOCSY spectra (34) were
obtained at 20 and 30°C with a mixing time of 80 ms.
NOESY spectra (35) were collected at 20 and 30°C with
mixing times of 150, 200, and 300 ms. The water signal
was suppressed by the DANTE pulse (36). The size of each
spectrum was 2048 complex points in the t2 dimension and
512 complex points in the t1. The proton chemical shifts
were referenced to internal 2,2-dimethyl-2-silapentane-5-
sulfonate sodium salt (DSS). NMR spectra were assigned
on an SGI O2 workstation using XEASY (37) and NMRPipe
software (38).

NOE-derived interproton distance restraints were classified
into three ranges: strong (1.8-2.7 Å), medium (1.8-3.5 Å),
and weak (1.8-5.0 Å). An additional 0.5 Å was added at
the upper boundary for NOEs involving methyl protons and
methylene protons that were not assigned stereospecifically.
Torsion angle restraints on the backboneφ angles were
derived from3JHNHR coupling constants from the high digital
resolution DQF-COSY spectra. Backboneφ angles were
restrained to-60 ( 30° for 3JHNHR < 6.0 Hz. Structure
calculations were performed using the distance geometry/
simulated annealing method provided by CNS 1.1 software
(39). The structure was determined using NOE-derived
distance restraints and dihedral angle restraints. The force
constants for the distance restraints were set to 50 kcal mol-1

Å-2 throughout all of the calculations. The final round of
calculations began with 50 initial structures, and the best 15
structures were selected and analyzed with AQUA, PRO-
CHECK-NMR (40), and MOLMOL (41). None of them had
NOE violations of>0.2 Å.

CD Measurements for DNA Titration.To examine the
conformational rearrangement of the STPR domain upon
DNA binding, the 16-mer oligo DNA duplex (5′-GAATC-
TATGTAAATAC-3 ′ and 5′-GTATTTACATAGATTC-3′)
was used as the domain’s recognition element. The under-
lined bases were essential for the DNA binding of FMBP-1
in a previous study (28). The concentrations of the full-length
STPR domain and oligo DNA duplex were 15 and 20µM,
respectively, in 10 mM sodium phosphate buffer (pH 6.2).
The spectrum of the full-length STPR domain in the presence
of DNA was obtained by subtracting the spectrum of DNA
from that of the mixture of STPR domain and DNA.

Preparation of Mutants for the Electrophoretic Mobility
Shift Assay (EMSA).To evaluate the DNA-binding abilities
by EMSA, we prepared some mutants of the full-length
STPR domain as GST-fusion proteins. The plasmid of the
full-length STPR domain used here had the same construction
as that described in the Preparation of the Full-Length STPR
Domain for CD Spectral Measurements section. We carried
out site-directed mutagenesis using a QuikChange Site-
Directed Mutagenesis kit (Stratagene, La Jolla, CA). The
processes for expression and purification were nearly the
same as those described above, except that there was no
cleavage of the GST tag. After the fusion protein was bound
to the glutathione-Sepharose beads, the beads were washed
with 50 mM Tris-HCl at pH 8.0. Finally, the bound protein
was eluted with the elusion buffer (50 mM Tris-HCl at pH
9.5 and 5 mM glutathione), dialyzed against the NP40 buffer
(50 mM Tris-HCl at pH 7.9, 12.5 mM MgCl2, 100 mM NaCl,
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0.1 mM EDTA, 20% glycerol, 0.1% NP40, and 1 mM DTT),
and stored at-80 °C.

EMSA.EMSAs were carried out as described by Takiya
et al. (28). The oligonucleotide+290 probe (5′-AATTGAT-
GAATCTATGTAAATACTGGGCAGACAATT-3′ and 5′-
AATTGTCTGCCCAGTATTTACATAGATTCATCAATT-
3′) was used as the STPR domain’s recognition element. This
probe is comprises the AT-rich sequences in the intron of
the fibroin gene. The+290 probe (0.4-0.5 ng) was
incubated with protein in 10µL (20 ng) of reaction mixture
(10 mM Tris-HCl at pH 7.9, 7.5 mM MgCl2, 60 mM NaCl,
1 µg POLY(dI-dC), 20% glycerol, and 0.6% NP40) for 20
min on ice. The protein-probe complexes were separated
on 7% polyacrylamide gels.

RESULTS AND DISCUSSION

Conformational Characteristics of Homologous Repeats.
The four repeat units of the STPR domain have highly
homologous sequences (Figure 1b). In addition, the full-
length STPR domain can specifically recognize DNA
(ATNTWTNTA) (28). In spite of these interesting charac-
teristics, there have been no reports on this domain’s tertiary
structures. Therefore, we first divided the STPR domain into
the four characteristic peptide fragments (R1, R2, R3, and
R4) and collected information on their structures.

Figure 2 shows the CD spectra of the individual peptide
fragments. As one can see, each peptide shows typical
R-helical characteristics. In addition, theR-helical content

of these fragments, as estimated by the K2d algorithm
method (32), is 28-37%, and the helical contents among
the individual peptides are similar. Interestingly, the helical
orientation in R1 is more similar to that in R3 on the basis
of the relative minima at 208 and 222 nm, whereas that in
R2 appears more similar to the helical orientation in R4.

Next, to investigate the full-length STPR domain, we
measured its CD spectrum. Figure 3a shows the CD spectrum
of the full-length STPR domain. One can see that the domain
also shows typicalR-helical characteristics (helical content:
31%). Here, we calculated the mean ellipticity values among
the four fragments (Figure 3b). Interestingly, the average CD
spectrum (helical content: 31%) was similar to the CD
spectrum of the full-length STPR domain. From these results,
it may be deduced that each repeat unit by itself can form
the original secondary structure, even though the full-length
STPR domain is divided into four fragments.

Here, to test whether or not the four fragments act as
independent structural units in the full-length STPR domain,
we studied the melting behavior of the fragments and that
of the full-length STPR domain. Figure 4 shows the

FIGURE 2: CD spectra of the individual repeat fragments of the
STPR domain. TheR-helix content of these fragments (R1, R2,
R3, and R4) estimated by the K2D algorithm method (32) is 28,
37, 31, and 37%, respectively. The peptide concentration is 40-
60 µM in 10 mM sodium phosphate buffer (pH 6.2). The vertical
scale is normalized by the mole concentrations.

FIGURE 3: Comparison of the CD spectra between the full-length
STPR domain and the repeat fragments. (a) CD spectrum of the
full-length STPR domain (R1R2R3R4). The domain was expressed
as a GST-fusion protein and then cleaved with site-specific protease.
TheR-helix content estimated by the K2D algorithm method (32)
is 31%. The protein concentration is 15µM in 10 mM sodium
phosphate buffer (pH 6.2). The vertical scale is normalized by the
mole concentrations. (b) Average CD spectrum of each repeat unit
(R1, R2, R3, and R4). The mean of the ellipticity values was
calculated from the four values obtained by measuring each
fragment. The helical content was estimated to be 31%.
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temperature dependence of the CD spectral ellipticities at
222 nm, which are influenced by helical content. There was
no difference in thermal denaturation curves between the full-
length domain (Figure 4a) and the average of the four
fragments (Figure 4b). These data suggest that in the full-
length STPR domain, each repeat most likely acts as an
independent structural unit with no interaction among the
four repeat units.

NMR Analyses of the Four STPR Repeats.In an attempt
to understand the 3D structure of the full-length STPR
domain, the15N-labeled recombinant protein, which includes
the full-length STPR domain (R1-R4), was prepared inE.
coli. Figure 5 shows the1H-15N-HSQC NMR spectrum of
the full-length STPR domain. We observed several down-
field-shifted proton resonances at approximately 9.0 ppm.
These data imply that the domain is partially structured, but
the assignment and structure determination of the full-length
domain were difficult because of the high overlap. From the
CD measurements, the domain had the same helical content
and the same melting behavior as the average of the four
fragments (Figures 3 and 4). These data imply that the 3D
structure of the full-length STPR domain is close to the
architecture obtained by connecting the tertiary structures
of the four peptide fragments. Thus, we prepared the four
repeat fragments by peptide synthesis and determined their
tertiary structures using NMR measurements.

The proton NMR signals were identified according to the
standard procedure for the sequential assignment of a proton
(42). The residues were sequentially assigned by first
identifying spin systems through a combination of DQF-
COSY spectra and TOCSY spectra. This procedure was
followed by assigning the identified spin systems to particular
residues in the peptide by the observation of sequential NH-
NH (dNN), CRH-NH (dRN), and CâH-NH (dâN) NOEs. The
fingerprint regions of the COSY spectra are shown in Figure
6. The NMR signals of the backbone protons without prolines
and N-terminus glutamic acids were observed in each COSY
spectrum. The proton NMR signals were almost completely
assigned to four repeat units. All assigned chemical shifts
were registered with the Biological Magnetic Resonance Data
Bank (BMRB accession numbers: 6156, 6157, 6154, and
6155).

Elements of the secondary structures were deduced from
the pattern of sequential and medium-range NOE connec-
tivities. The sequential dNN NOEs with strong intensities were
observed in Ser-3-Met-13 of R1, Glu-4-Ala-7, and Arg-
9-Arg-12 of R2, Glu-4-Leu-10 of R3, and Ala-4-Arg-12
of R4. The extensive unambiguous medium-range NOEsRN-
(i,i+3), characteristic ofR-helical conformations, were also
detected at some N-terminal residues (e.g., Ser-3-Leu-10
in R1; Pro-3, Gln-5, and Thr-8 in R2; Arg-3-Leu-10 in R3;
Ala-4-Gln-7, Arg-9-Leu-10, and Met-13 in R4). These
results strongly suggest that the residues in the N-terminal
half are involved in the formation of theR-helix.

The 3D structure of each repeat unit was calculated
following the molecular dynamic protocol described in
Materials and Methods. A final set of 125 NOE-derived
distance constraints and 3 angle constraints in R1, 136 NOE-
derived distance constraints and 2 angle constraints in R2,
182 NOE-derived distance constraints and 2 angle constraints
in R3, and 133 NOE-derived distance constraints and no
angle constraint in R4 were used as inputs for the distance
geometry and simulated annealing calculations using the CNS
1.1 software. On the basis of low residual distance violations,
15 structures were selected. Figure 7 displays the 15 final
structures superimposed for best fit over the backbone atoms
of residues 4-9 on the mean coordinate structure as well as
the ribbon diagrams with the lowest energy structures among
the 15. All repeat units had a shortR-helix in the N-terminal
half (residues 3-10), but the C-terminal region was disor-

FIGURE 4: Unfolding profile of the full-length STPR domain and
the repeat fragments. The ellipticity at 222 nm was monitored in
the temperature range 0-80°C by a step-scan procedure at a heating
rate of 25°C/h. (a) Thermal denaturation curve of the full-length
STPR domain (R1R2R3R4). The protein concentration is 15µM
in 10 mM sodium phosphate buffer (pH 6.2). The vertical scale is
normalized by the mole concentrations. (b) Average thermal
denaturation curve of each repeat unit (R1, R2, R3, and R4). The
peptide concentration is 40-60 µM in 10 mM sodium phosphate
buffer (pH 6.2). The mean of the ellipticities at 222 nm was
calculated from the four values obtained by measuring each
fragment.

FIGURE 5: 1H-15N HSQC spectrum of the full-length STPR domain
recorded at 10°C. The protein concentration is 0.74 mM in 10
mM sodium phosphate buffer (pH 6.2) containing 60 mM NaCl.
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dered. The regions corresponding to the helical structure
(residues 3-10) were well-defined with pairwise rmsd’s of
0.44, 0.32, 0.21, and 0.56 Å for the backbone atoms in R1,
R2, R3, and R4, respectively. The CD spectrum of R1 was
more similar to that of R3, whereas the CD spectrum of R2
appeared more similar to that of R4 (Figure 2). However,
there was no evidence for these similarities in the NOE
patterns or structural information. The difference among these
CD spectra might be due to the primary sequence. The helical
content estimated by the NMR study was 35% (of 23
residues, 8 residues were involved in the helical structure).
These results were, thus, mostly consistent with the structural
studies by CD measurements.

Determination of Helix-Stabilizing Factors in the STPR
Repeat.From our results, it may be deduced that each repeat
unit by itself can form an original secondary structure even

if the full-length STPR domain is divided into four fragments.
Thus far, several interactions have been reported to contribute
to R-helix stability in short peptides (43). Here, we explored
the possibility of several helix-stabilizing factors.

We first noted the well-conserved arginine residues at
position 9 (denoted as Arg-9, the ninth residue from the
N-terminus in each repeat fragment). In NMR studies, all
of these arginines showed an abnormal downfield shift for
an Nε proton of 1-1.5 ppm at pH 6.2 compared with those
of the other arginines. It is generally accepted that an
abnormal NMR chemical shift is brought about by various
interactions. To understand the cause of this abnormal shift,
a pH titration experiment was performed. Figure 8 shows
the pH dependences of chemical shifts for the four Arg Nε

protons of peptide R4 (Arg-6, -9, -12, and -20). Interestingly,
the NεH proton resonance of Arg-9 shifted largely upfield

FIGURE 6: Fingerprint region from a COSY spectrum of the four repeat units of the FMBP-1 STPR domain: R1 (a), R2 (b), R3 (c), and
R4 (d). Each spectrum was recorded at pH 6.2 in buffer (10 mM sodium phosphate buffer at pH 6.2) at 20°C. Residue 3 is proline in R2
and R4. Amino acids are given in single-letter code.
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with decreasing pH in a sigmoidal fashion. This result
suggests that the interaction that caused the abnormal
downfield shifts in the side chain of Arg-9 disappeared at
low pH. These titration data were fit using the modified
Henderson-Hasselbalch equation:δobs ) δu + ∆δ/(1 +
10n(pK-pH)), whereδu is the shift of the unprotonated arginine

resonance,∆δ is the titration shift resulting from the
protonation of a group with the pK value indicated in the
equation, andn is the Hill coefficient (44). The calculated
pK value of the sigmoid for Arg-9 NεH was 2.9 (n ) 1.0).
Thus, Arg-9 interacts with the side chain of an acidic amino
acid. Here, we noted the side chain of Glu-1 as a candidate
for the interaction partner of Arg-9 because Glu-1 is the only
acidic amino acid in R4. The other repeat units (R1, R2,
and R3) of the FMBP-1 STPR domain also have glutamic
acid residues at position 1 (Figure 1b). This interaction is
thought to be the H-Nε

...OdCδ hydrogen-bonding interaction
in the salt bridge between Glu-1 and Arg-9 (45). This kind
of salt bridge interaction was reported in other proteins (46-
48). For example, the C-peptide (residues 1-13) from RNase
A (47) has a short helix stabilized by the salt bridge; it is
formed by two residues, Glu-2 and Arg-10, with the same
spacing as in STPR domain repeat units (Glu-1 and Arg-9).

Besides the salt bridge, another possible stabilizing factor
for the helical structure could be the N-capping box, which
is known as an initiator and stabilizer ofR-helices in several
peptides and proteins (49). The residues in the N-capping
box are designated as

where N1 refers to the first helical residue, Ncap is a bridging
residue belonging to both the loop and helix, and the primed
residues refer to the loop regions flanking the helix. It is
commonly assumed that two residues at the Ncap and N3

positions are involved in the N-capping box, with Ser and
Thr commonly found at the Ncap position and with Glu and
Gln commonly found at N3.

Here, we found the presence of the N-capping box by the
characteristic1H NOE connectivities. As described above,
the NMR study indicated that residues 3-10 were involved
in the helical formation in each repeat unit so that Thr/Ser-2
and Gln/Glu-5 correspond to the Ncap and N3 residues,
respectively. Table 2 summarizes the NOE connectivities
between the Ncap residue and the N3 or N2 residue. These
NOE connectivities were compared with those of ShK toxin,
which is an example of a peptide involved in the N-capping
box (50). As shown in Table 2, we observed the characteristic
NOE connectivities from Thr/Ser-2 protons to several
protons, as observed in the ShK toxin. These results suggest
that the N-capping box is likely to act as an initiator and
stabilizer of the helix. From a comparison with the ShK toxin,
it can be deduced that the N-capping box of the STPR repeats
is also stabilized by the two hydrogen bonds from the
backbone NH of the N3 to the backbone oxygen and side-
chain oxygen of Ncap (Figure 9).

From the COSY spectra of the STPR peptides (Figure 6),
the N-terminal residues at the Ncap and N1 positions were
shifted so far downfield (Ncap, Thr/Ser-2; N1, Ser/Arg-3).
Particularly, the N1 amide protons (Ser-3 in R1; Arg-3 in
R3), which were invisible in R2 and R4 because of proline,
exhibited larger downfield shifts. Calculations using NMR-
derived structures indicated that CdO and C-N anisotropies
made a large contribution to these chemical shifts (calculated
with the SHIFTCALC program for chemical shift calcula-
tions available at http://www.nmr.group.shef.ac.uk/NMR/
mainpage.html). Thus, the downfield shifts might be because
of the capping interactions. Indeed, in the previous report

FIGURE 7: Three-dimensional structures of R1, R2, R3, and R4 of
the FMBP-1 STPR domain (pdb code: 1VD7, 1VD8, 1VD9, and
1VDA, respectively). (a) View of the ensemble of 15 NMR
structures of each repeat unit in the FMBP-1 STPR domain
superimposed for best fit over the backbone atoms of residues 4-9
in the mean coordinate structure. (b) Ribbon diagram of each repeat
unit with the lowest energy structure among the 15 final structures.
These diagrams were generated using the program MOLMOL (41).

FIGURE 8: pH dependence of the chemical shift at 20°C, in 60
mM NaCl, for the Nε protons of Arg-6 (O), Arg-9 (9), Arg-12
(2), and Arg-20 (×), which are included in R4. Titration data were
fitted using the modified Henderson-Hasselbalch equation (44).

......-N′′-N′-Ncap-N1-N2-N3- ......

Solution Structure of Novel DNA-Binding Units Biochemistry, Vol. 46, No. 7, 20071709



on the N-capping box, two residues at the Ncap and N1

positions showed a downfield shift for an amide proton, as
the STPR peptides (51). In ShK toxin, the N1 amide proton
is also shifted downfield, although the Ncap amide proton
has an upfield shift because of the ring current effect from
the N2 residue phenylalanine (52).

Interestingly, almost all of the repeat units from other
eukaryotes contain four amino acids (Glu-1 and Arg-9,
related to the salt bridge; and Thr/Ser-2 and Gln/Glu-5,
related to the N-capping box) with the same spacing as that
of the repeat unit of the FMBP-1 STPR domain (28). These
observations support the hypothesis that the N-terminal half
of each repeat in the STPR domain might include a well-
defined helix and that each helix is stabilized by the salt
bridge between Glu-1 and Arg-9 as well as by the N-capping
box encompassing Thr/Ser-2 and Gln/Glu-5.

Conformational Rearrangement of the STPR Domain upon
Binding DNA.The tertiary structural conformation of the full-

length STPR domain was characterized from CD and NMR
measurements. In solution, each repeat unit had a short
R-helix in the N-terminal half (residues 3-10 in each unit),
and the C-terminal region was flexible. In the full-length
STPR domain, a total of four helices were connected with
these flexible regions. As a result, each helix in the full-
length STPR domain was predicted to flexibly move with
no interaction among these helices.

However, there is no information about the conformation
in the DNA-bound state. Here, to examine DNA’s effects
on the secondary structure of the full-length STPR domain,
the CD spectrum was analyzed in the presence of specific
DNA (Figure 10). Surprisingly, the presence of the specific
DNA distinctly increased, by 76%, theR-helical content of
the full-length STPR domain, whereas theR-helical content
was 31% in the DNA-free state. This observation suggests
a conformational rearrangement of the STPR domain upon

Table 1: Structural Statistics for the 15 Best Structuresa

R1
(FMBP-1:99-121)

R2
(FMBP-1:122-144)

R3
(FMBP-1:145-167)

R4
(FMBP-1:168-190)

structural restraints
intraresidue 66 94 97 67
sequential 45 34 59 42
medium range 14 8 26 24
long range 0 0 0 0
Φ range 3 2 2 0

average potential energies (kcal mol-1)
Etotal 14.30( 0.27 21.15( 0.61 20.11( 0.75 23.54( 1.66
Ebonds 0.08( 0.01 0.53( 0.05 0.37( 0.06 0.76( 0.14
Eangles 13.01( 0.06 14.93( 0.18 14.43( 0.35 14.66( 0.32
Eimpr 0.18( 0.01 0.21( 0.02 0.27( 0.06 0.23( 0.02
EVDW 0.84( 0.16 1.97( 0.38 2.85( 0.82 2.17( 0.70
ENOE 0.20( 0.08 3.50( 0.31 2.20( 0.64 5.73( 1.13
Ecdih 0.00( 0.00 0.00( 0.00 0.00( 0.00 0.00( 0.00

NOE violation>0.2 (Å) 0 0 0 0
dihedral angle violation>5(°) 0 0 0 0
Ramachandran plot (%)

most favored region 65.1 54.3 55.9 57.0
additional allowed region 28.3 37.0 34.9 35.0
generously allowed region 4.1 6.0 7.9 5.7
disallowed region 2.5 2.7 1.3 2.3

pairwise rmsd (Å) (residues 3-10)
backbone 0.44( 0.14 0.32( 0.16 0.21( 0.08 0.56( 0.22
all heavy atoms 1.74( 0.31 1.62( 0.28 1.64( 0.35 1.49( 0.21

a The data represent the structural statistics for the 15 energy-minimized structures obtained through the refinement protocol in CNS.Eimpr, EVDW,
andEcdih are improper dihedral angle energy, intramolecular van der Waals energy, and dihedral angle restraint energy, respectively.

Table 2: Summary of N-Cap NOE Connectivities Observed
between the Ncap Residue and the N2 or N3 Residue

FMBP-1
STPR domain

R1a R2a,b R3a R4a

ShK(50),c

(reference
peptide)

Ncapresidue f N3 residue N2 residue
NH f CâH + + + + +
NH f CγH + + + + +
CâH f NH + + + + +
CγH f NH + / + + +
CâH f NH + +
CγH f NH + / + + +

a The plus signs indicate the NOE connectivities observed in both
150 and 300 ms mixing time NOESY spectra.b The asterisks denote
that CγH is absent. The Ncap residue is serine in R2.c The NOE
connectivities were reported for the N-capping box by Lanigan et al.
(50). The plus signs indicate the NOE connectivities observed in a 200
ms mixing time NOESY spectrum.

FIGURE 9: Schematic view of the intramolecular interactions of
the STPR repeat. The intramolecular interactions that are predicted
to be observed in R3 are shown as an example of the four STPR
repeat units. The orange line represents the salt bridge, and the
blue lines represent the hydrogen bonds of the N-capping box. The
green line represents the hydrogen bond commonly observed in
alpha helices.
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binding the AT-rich element of the fibroin gene, reminiscent
of an induced-fit mechanism. This type of induced fit appears
to be a common occurrence in the initiation of transcription,
where poorly structured regions of the protein may form a
regular secondary structure in the presence of DNA, enhanc-
ing protein-protein interactions and promoting an ordered
nucleoprotein structure (53-55).

Likewise, the specific DNA was added to each repeat
peptide fragment, but no significant effect was observed (data
not shown). These results are in accord with our previous
study, that is, the full-length STPR domain (R1-R4)
specifically recognized the specific DNA sequence (AT-
NTWTNTA), whereas the truncation of even one repeat unit
(R1-R3, R2-R4, and so on) almost completely eliminated
its binding ability (28). It is thought that all four repeats are
needed for the induced-fit mechanism in the case of the STPR
domain because the four repeats might cooperatively behave
in the presence of DNA.

Effects of Mutations on Binding to Specific DNA.In the
DNA-free state, the present results suggest that the full-length
STPR domain partially forms four short helices in solution.
However, upon specific DNA binding, the full-length STPR
domain showed a distinct increase in theR-helical content;
the poorly structured regions of the protein are thought to
form a regular secondary structure. Now we were interested
in knowing how the four highly homologous repeats
participate in DNA recognition. However, the NMR mea-
surement of the full-length STPR domain in the presence of
the DNA duplex failed to obtain a good1H-15N-HSQC
spectrum. Therefore, as a first step toward understanding the
correlation between structure and function, we prepared four
mutants of the full-length STPR domain on the basis of the
determined structures. We constructed these mutants in order
to destroy one salt bridge, as shown in Figure 11a ; Glu-1
in each repeat unit was replaced by Gln (denoted as M1,
M2, M3, and M4). The DNA-binding ability of each mutant
was compared with that of the wild type by the electro-
phoretic mobility shift assay (EMSA). Interestingly, the
influence on DNA binding differed among the four mutants.

The M1 and M2 mutants, in which glutamine residues
replaced glutamic acid residues at position 1 of R1 or R2,
possessed almost the same (in excess of 80%) DNA-binding
abilities as the wild type (Figure 11b). However, the binding
abilities of the M3 and M4 mutants were markedly reduced.
These results suggest that each repeat has a different role in
the interaction with DNA, even though the four repeat units
have highly homologous sequences and similar helical
structures.

DNA-binding domains consisting of four helices have been
seen in several proteins (56-59). For example, PIAS1, which
functions as an E3-type SUMO, has a four-helix bundle with
an up-down-extended loop-down-up topology (56). In
this example, the contributions to DNA binding differ among
the four helices: the regions included in theR2- andR3-
helices are contact sites for DNA. In the already reported
four-helix bundle proteins, the homology among the four
helices is not very high; therefore, it is not surprising that
the DNA-binding abilities differ among the four helices. In
the STPR domain, however, the roles of the four repeat units
in DNA-binding abilities apparently differed despite their
highly homologous sequences and the similarity of their
helical structures. The orientations of theR-helices might
be important for specific DNA binding.

FIGURE 10: CD spectra of the full-length STPR domain in the
absence (...) and presence of (s) the specific DNA duplex
(5′-GAATCTATGTAAATAC-3 ′ and 5′-GTATTTACATAGATTC-
3′). The domain was expressed as a GST-fusion protein and then
was cleaved with site-specific protease. The concentrations of the
full-length STPR domain and the oligo DNA were 15 and 20µM,
respectively, in 10 mM sodium phosphate buffer (pH 6.2). The
spectrum of the full-length STPR domain in the presence of DNA
was obtained by subtracting the spectrum of DNA from that of the
mixture of STPR domain and DNA.

FIGURE 11: DNA binding activities of the wild type (WT) and four
mutants (M1, M2, M3, and M4) of the STPR domain. (a) Sequence
of the full STPR domain (R1R2R3R4) and its mutants (M1, M2,
M3, and M4) used in EMSA analysis. The proteins shown in (a)
were expressed as GST-fusion proteins. (b) Autoradiograph of
polyacrylamide gels showing the EMSA analyses of STPR domain
binding to DNA. The oligonucleotide+290 probe (5′-AATTGAT-
GAATCTATGTAAATACTGGGCAGACAATT-3′ and 5′-AAT-
TGTCTGCCCAGTATTTACATAGATTCATCAATT-3′) was used
as the STPR domain’s recognition element. The values in paren-
theses represent the relative intensities of the bands of the protein-
DNA complex obtained by densitometric tracing.
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According to the results of the NMR analysis, all four
repeat units have basically the same structure: a shortR-helix
in the N-terminal half maintained by a salt bridge and an
N-capping box. In the DNA-free state, this short helix derived
from each unit was connected with flexible loops. As a result,
each helix in the full-length STPR domain was predicted to
flexibly move, with no interaction among these helices.
Furthermore, the binding of the STPR domain to a specific
DNA target sequence caused a conformational change that
increasedR-helicity. Because there have been no reports
about DNA-binding domains composed of highly homolo-
gous repeats such as the STPR domain, the determination
of the solution structure of a specific DNA complex will
provide information about the novel DNA-binding motif. In
addition, this repeated structure, composed of 23 amino acids
per repeat, is found in a wide spectrum of eukaryotes,
including humans. The 3D structure observed here may help
to elucidate how this group of proteins binds to DNA and
regulates transcription.
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