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ABSTRACT: The STPRmotif is composed of 23-amino acid repeats aligned contiguously. STPRwas originally
reported as the DNA-binding domain of the silkworm protein FMBP-1. ZNF821, the human protein that
contains the STPR domain, is a zinc finger protein of unknown function. In this study, we prepared peptides
of silkworm FMBP-1 STPR (sSTPR) and human ZNF821 STPR (hSTPR) and compared their DNA binding
behaviors. This revealed that hSTPR, like sSTPR, is a double-stranded DNA-binding domain. Sequence-
independent DNA binding affinities and R-helix-rich DNA-bound structures were comparable between the
two STPRs, although the specific DNA sequence of hSTPR is still unclear. In addition, a subcellular
expression experiment showed that the hSTPR domain is responsible for the nuclear localization of ZNF821.
ZNF821 showed a much slower diffusion rate in the nucleus, suggesting the possibility of interaction with
chromosomal DNA. STPR sequences are found in many proteins from vertebrates, insects, and nematodes.
Some of the consensus amino acid residues would be responsible for DNA binding and concomitant increases
in R-helix structure content.

The one-score-and-three (i.e., 23)-amino acid peptide repeat
(STPR)1 domain was originally reported as the DNA-binding
domain of fibroin modulator binding protein-1 (FMBP-1) (1),
which is a transcription factor regulating heavy-chain fibroin
gene expression in the silkworm (Bombyx mori). The silk protein
production is tissue-specific and developmental stage-specific
and is strictly controlled by FMBP-1 and several other proteins
(2-11). FMBP-1 specifically recognizes the oligonucleotide
sequence motif (50-ATNTWTNTA-30) that exists upstream from
and in the intron of the heavy-chain fibroin gene (1).

The STPRdomain derived from silkworm is composed of four
23-amino acid contiguous repeats (Figure S1 of the Supporting
Information). The level of sequence identity among the four
repeats is >80%. Previous CD and NMR experiments revealed
the structural characteristics of the STPRdomain (12, 13).Without

DNA, each repeat of STPR forms an R-helix at the N-terminus
(residues 3-10), and thus, STPR consists of four short R-helices
and four loop regions. It is thought that each R-helix does not
interact with the others; in other words, there is no explicit
tertiary structure. When STPR binds to a specific DNA element,
the R-helical content of STPR more than doubles (from 31 to
76%). In addition, the STPR peptide bound to specific DNA
forms a rigid structure, while DNA-free STPR is highly flexible,
as shown by limited proteolysis. Interestingly, an amino acid
substitution experiment indicated that the contributions of the
four repeats toDNAbinding differed from each other, in spite of
the high level of sequence similarity among the repeats. A
competition assay using DNA groove-binding agents suggested
that STPR approaches DNA from the major groove (14).
Mobility shifts of protein-DNA complexes showed that DNA
bending is induced slightly by the STPR domain peptide and
sharply by full-length FMBP-1. Experimental data describing
STPR’s complex structure have accumulated, although its struc-
ture at atomic resolution has not yet been determined.

In addition toFMBP-1, proteins with regions analogous to the
STPR domain were found in other insects (Drosophila and
mosquitoes), nematodes, and many vertebrates (1, 14). Compar-
ison of the full-length proteins that contain the STPR domain
revealed that the amino acid sequences and molecular sizes are
widely diversified, and these proteins are not necessarily homol-
ogous. It should be noted that the similarity of the 23 amino acids
is greater among repeats of the same protein than between those
of different STPR-containing proteins.However,Glu1 andArg9,
which were reported to stabilize the R-helix of each repeat in the
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STPR from silkworm (12), are completely conserved in all the
repeats of these proteins.We expect that STPR represents a novel
DNA-binding motif that generally exists in the animal kingdom.
However, there is no evidence that an STPR domain other than
that in FMBP-1 is a DNA-binding domain.

The human protein with an STPR sequence is designated as
zinc finger protein 821 (ZNF821) (Figure 1) (15). Because of the
existence of C2H2 zinc finger motifs, ZNF821 is expected to be a
DNA-binding protein. The biological significance of this protein
is, however, almost unknown. Orthologs of ZNF821 are found in
a variety of vertebrates. The amino acid sequences of ZNF821s
are well-conserved, especially in the STPR region (Figure S2 and
Table S1 of the Supporting Information). STPRdomain sequences
from many species are completely or nearly identical to human
ZNF821 STPR. The remarkable conservation implies that the
STPR domain plays a significant role in this protein.

To understand the significance of the STPR domain, we have
compared the properties of human ZNF821 STPR (hSTPR) and
silkwormFMBP-1 STPR (sSTPR) peptides. In this study, we have
confirmed that hSTPR, like sSTPR, has a sequence-independent
DNA binding ability. Furthermore, we have examined the DNA-
bound structure and the contribution of hSTPR to the subcellular
localization. hSTPR and sSTPR domains share common proper-
ties, and STPR can be regarded as a novel DNA-binding motif.

EXPERIMENTAL PROCEDURES

Preparation ofRecombinant STPRPeptides.Recombinant
hSTPR and sSTPR peptides were prepared by anEscherichia coli
expression system as described previously (13). The nucleotide
sequence of the hSTPR domain was amplified using two oligo-
nucleotide primers (50-GGAATTCCATATGATGCGACAGA-
ATGAGCCTTTGGAA-30 and 50-CCGCTCGAGCATTTTC-
TCCAGCCTCCTCTT-30) and the pOTB7 plasmid including
cDNAofhumanZNF821 (LOC55565) (purchased fromInvitrogen,
Carlsbad, CA). The PCR products of the appropriate size were

purified, digested with NdeI and XhoI, and subcloned into the
pET-22b(þ) vector (Novagen, Madison, WI), which was also
digested with the same two restriction enzymes. The resulting
construct included three residues on both sides of the STPR
domain, and a histidine tag was attached to the C-terminus. The
overexpressed peptide was purified with theNi-NTAcolumn and
via reverse-phase high-performance liquid chromatography, and
the purity was checked by reverse-phase high-performance liquid
chromatography. For CD spectroscopy and the mobility shift
assay, the peptide concentration was determined by monitoring
the absorbance at 280 nm (sSTPR) (16) or 214 nm (hSTPR) (17).
Electrophoretic Mobility Shift Assay. The electrophoretic

mobility shift assay was performed as described by Takiya et al.
(11). Two kinds of 36-mer double-stranded DNA probes were
prepared. The þ290 probe (50-AATTGATGAATCTATGTA-
AATACTGGGCAGACAATT-30 and 50-AATTGTCTGCC-
CAGTATTTACATAGATTCATCAATT-30) contains a recog-
nition element of sSTPR (underlined). This sequence originates
from theþ290 region of the heavy-chain fibroin gene. The random
probe (50-GGATCGAGATGGAGAGTGATCTCAGTCTCA-
GGTTCA-30 and 50-TGAACCTGAGACTGAGATCACTCT-
CCATCTCGATCC-30) does not contain the recognition element
of sSTPR. This was designed randomly but did not contain AT-
and GC-rich regions.

Hybridization with step-by-step cooling was conducted after
mixing two DNA strands. The strands were labeled with
[γ-32P]ATP (Perkin-Elmer, Wellesley, MA) and T4 kinase
(Takara, Tokyo, Japan). Labeled DNA (5 nM) was incubated
with protein in 10 μL of the reaction mixture [30 mM Tris-HCl,
7.5 mM MgCl2, 60 mM NaCl, 0.06 mM EDTA, 0.6 mM DTT,
0.06%NP40, and 20% glycerol (pH 7.9)] for 20 min on ice. The
protein-DNA complexes were separated on 10% polyacryl-
amide gels equilibrated with TBE buffer. The gels were dried,
exposed to an imaging plate, and visualized using an FLA-7000
RGB imaging analyzer (Fuji Film, Tokyo, Japan).

FIGURE 1: HumanZNF821andSTPRdomain. (A) Schematic ofZNF821.Two zinc finger domains are colored darkgray, and the STPRdomain
is colored gray. The four repeats, designatedR1-R4, are aligned contiguously. (B) Amino acid sequence of the STPRdomain (Glu223-Lue314)
in humanZNF821. Letters highlighted in dark gray are the conserved residues between at least two repeats. The identical sequences are also found
in ZNF821 proteins of many other vertebrates (e.g., macaque, rat, cow, dog, platypus, and zebra finch). (C) Alignment of the STPR domains of
human ZNF821 and silkworm FMBP-1 (see also Figure S1 of the Supporting Information). Letters highlighted in dark gray are the conserved
residues between at least two repeats. Asterisks indicate the conserved residues between the two STPR domains.

http://pubs.acs.org/action/showImage?doi=10.1021/bi100448f&iName=master.img-000.jpg&w=425&h=226
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Apparent dissociation constants were calculated using least-
squares fitting to the following equation:

% of free DNA ¼ Kd
n

Kd
n þ ½STPRfree�n

where Kd is the dissociation constant and n is the Hill coefficient.
The values of% of free DNA and [STPRfree] were obtained from
the EMSAband intensity. Densitometry of bandswas performed
using Multi Gauge version 3.0 (Fuji Film).
CD Spectroscopy. CD spectroscopy was performed using a

JASCO J-725 spectropolarimeter (Jasco, Tokyo, Japan). Mea-
surements were taken using a 1 mm quartz cell. The concentra-
tion of the STPR peptide was 10 μM, prepared in 50mM sodium
phosphate and 50 mM NaCl buffer (pH 7.0). To examine the
structures when bound to DNA, double-stranded DNA used for
the mobility shift assay (see above) was added. After incubation
of the mixture of the peptide (10 μM) and DNA (12.5 μM) for
20 min on ice, the spectra were recorded at 25 �C. The secondary
structure contents of peptides were calculated using CONTINLL
(18) and CDSSTR (19) with the data set of SDP48 in the CDPro
suite (20).
NMR Spectroscopy. NMR experiments were performed to

acquire a 1H-15NHSQC (21) spectrumof uniformly 15N-labeled
hSTPRpeptide, using a BrukerDRX-600 spectrometer equipped
with a cryogenic probe. The peptide concentration was 0.13 mM
dissolved in 50 mM sodium phosphate and 50 mM NaCl (pH
7.0), and the temperature was 293 K.
Live Cell Imaging and Fluorescence Correlation Spec-

troscopy Measurement. The nucleotide sequence for ZNF821
was amplified by PCR from cDNA of ZNF821 using two
oligonucleotide primers: forward primer (50-CCCAAGCTTCG-
GCCACCATGTCCCGTCGGAAACAGAC-30) and reverse
primer (50-CGGGGTACCTCAGTGCAGAGAGCTGCTG-30).
The forward primer and reverse primer contain the HindIII site
and the KpnI site (underlined), respectively. PCR products were
purified, digested with the restriction enzymesHindIII andKpnI,
and subcloned downstream of the EGFP coding region in the
pEGFP-C1 vector (Clontech, Palo Alto, CA), which was pre-
viously digested with the same two restriction enzymes. To create
the plasmid of the STPR-truncated mutant (EGFP-ZNF821-
δhSTPR), site-directed mutagenesis was conducted using a
QuikChange site-directed mutagenesis kit (Stratagene, La Jolla,
CA). Thus, the codon corresponding to the first residue of the
hSTPR domain was converted to a stop codon in thismutant. To
create the mutant that had only the hSTPR domain (EGFP-
hSTPR), the nucleotide sequence for hSTPR was amplified by
PCR and incorporated into the pEGFP-C1 vector, as well as full-
length ZNF821.

For the transient expressionofEGFP fusionproteins,HeLa cells
were plated on Lab-Tek chambered coverslips with eight wells
(Nalge Nunc International, Rochester, NY) and incubated in
Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich,
St. Louis, MO) supplemented with 10% fetal bovine serum, 100
units/mL penicillin, and 10 mg/mL streptomycin in a 5% CO2

humidified atmosphere at 37 �C for 24 h. Transfection was
conducted with Optifect transfection reagent (Invitrogen) as in-
dicated by themanufacturer. The cells were then grown inDMEM
supplemented with 10% fetal bovine serum for 24 h in a 5% CO2

humidified atmosphere. During LSM imaging and FCS measure-
ment, HeLa cells were maintained in Opti-MEM reduced-serum
medium (Invitrogen) at 37 �C in a 5%CO2humidified atmosphere.

LSM imaging andFCSmeasurement were performed using an
LSM510 inverted confocal laser scanningmicroscope (Carl Zeiss,
Jena, Germany), which consisted of a CW Arþ laser, a water
immersion objective [C-Apochromat, 40�, 1.2 NA (Carl Zeiss)],
and a ConfoCor 3 (Carl Zeiss). EGFP was excited at a 488 nm
laser line, and the emission signal through a 505-540 nm
bandpass filter was detected. To visualize the nuclei, cells were
stained with 25 μg/mL Hoechst 33342 (Invitrogen). Dye was
excited by a 405 nmdiode laser, and the emission signal through a
465-510 nm bandpass filter was detected.

FCS was measured, and data were processed in essentially the
same manner as described previously (22, 23) except for the
measurement time (75 s in this study). For quantitative analysis,
the fluorescence autocorrelation function G(τ) was calculated as
follows.

GðτÞ ¼ ÆIðtÞIðtþ τÞæ
ÆIðtÞæ2

where τ represents the time delay, I is the fluorescence intensity,
and the brackets denote the ensemble average.G(τ) was fitted with
FCS Access fit (EVOTEC BioSystems, Hamburg, Germany) by
a multicomponent model, as follows.

GðτÞ ¼ 1þ 1

N

X
i

yi 1þ τ

τi

� �- 1

1þ τ

s2τi

� �- 1=2

where yi and τi are the fraction and diffusion time of component i,
respectively, N is the number of fluorescent molecules in the
detection volume element defined by beam waist w0 and axial
radius z0, and s is the structure parameter representing the z0/w0

ratio. The structure parameter was calibrated by measurement of
Rhodamine 6G (R6G). The diffusion constants of the samples
were calculated from the published diffusion constant of R6G
(280 μm2/s) (24) and the measured diffusion times of R6G (τR6G)
and of each sample (τsample), as follows.

Dsample ¼ DR6G
τR6G
τsample

¼ 280
τR6G

τsample
μm2=s

The autocorrelation function was normalized by N for com-
parison of diffusional speed, as follows.

normalized GðτÞ ¼ N½GðτÞ- 1�
RESULTS

DNABindingAbility of hSTPR.The sequence similarity of
hSTPR and sSTPR implies that the former can also be a DNA-
binding domain (Figure 1C).We performed amobility shift assay
to examine whether hSTPR binds to DNA probes. Two probes
were prepared: the þ290 probe, which was derived from the
intron of the heavy-chain fibroin gene containing a recognition
element of sSTPR, and the random probe, which had no sSTPR
recognition sequence (see Experimental Procedures). In the
following experiments, we focused on both sequence-specific
and sequence-independent DNA binding.

As expected, sSTPR bound to the þ290 probe at a lower
concentration than to the randomprobe (Figure 2A). A competi-
tion assay clearly showed the specific affinity of sSTPR for the
þ290 probe (Figure 2B). When a large amount of poly(dI-dC)
was added, the free þ290 probe was hardly detected, while
the free random probe appeared. sSTPR-þ290 probe binding
is sequence-specific, while sSTPR-random probe binding is
considered sequence-independent. Previous studies suggested
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that sSTPRwas associatedwith a recognition element as amonomer
(13, 14). Therefore, the second band from the bottom (denoted
complex 1) would correspond to the complex of one peptide and
one probe. The third band (complex 2) would correspond to the
complex of two peptides and one probe, reflecting the fact that
one sSTPRassociates with a recognition site and another binds to
the probe in a manner independent of sequence. The regions
other than the recognition element were 9 and 18 bp (see
Experimental Procedures), and therefore, the length required
for the sequence-independent binding is notmore than 18 bp.The
length required for the sequence-specific binding is notmore than
16 bp, because the 16-merþ290 probe is bound to sSTPR (12, 13).

hSTPR had comparable affinity for the þ290 and random
probes (Figure 2A); that is, the recognition sequence of sSTPR

was not specifically recognized by hSTPR. The DNA binding of
hSTPR observed here would be sequence-independent. Com-
plexes 1 and 2 of hSTPR migrated at rates similar to those of
sSTPR, suggesting that these complexes consisted of one peptide
with one probe and two peptides with one probe, respectively.
Lysozyme, which possesses an excess of positively charged
residues (pI 11), did not associate with the two probes under
this condition. Therefore, the DNA binding of hSTPR observed
here is not considered simply a nonspecific electrostatic interac-
tion. Each dissociation constant was estimated with a serial
titration experiment at 4 �C (Figure 3 and Table 1). The apparent
dissociation constants of sSTPR-specific and sequence-independent
bindings were ∼7 and ∼40 nM, respectively. That of hSTPR-
DNA binding was ∼100 nM.

FIGURE 2: Electrophoretic mobility shift assay of sSTPR and hSTPR. (A) DNA binding of sSTPR, hSTPR, and lysozyme. A mixture of 5-125
nM protein and 5 nM DNA probe was incubated for 20 min on ice, followed by separation on a 10% polyacrylamide gel. The protein
concentration (nanomolar) is denoted above the images. Images for the same protein are from the identical gel. (B) Competition assay with
poly(dI-dC) against sSTPR-DNA probe complexes. The experimental condition was the same as that described above. (C) Competition assay
with double-stranded (ds) or single-stranded (ss) random probe vs STPR-random probe complexes. The experimental conditions were the same
as those described above. Both images are from the identical gel.

http://pubs.acs.org/action/showImage?doi=10.1021/bi100448f&iName=master.img-001.jpg&w=375&h=469
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To determine whether hSTPR recognizes the DNA duplex
specifically, the binding abilities for double-stranded (ds) and

single-stranded (ss) random probes were compared (Figure 2C).
Consistent with the previous study in which ssDNA did not
compete in the binding of FMBP-1 to the double-strandedþ290
probe (11), a 1000-fold excess of ssDNA hardly competed in the
binding of sSTPR to dsDNA. Likewise, ssDNA had little effect
on the hSTPR-dsDNA complex. This result indicates that
hSTPR, like sSTPR, prefers dsDNA to ssDNA.
Structures of DNA-Free and DNA-Bound hSTPR. We

previously reported that, when sSTPR bound to a specific DNA
sequence, significant structural changes in both protein and
DNA occurred (12). In the study presented here, we observed a
structural change upon sequence-independent DNA binding.
The secondary structures of STPR peptides with and without
DNA were monitored by far-UV CD spectroscopy (Figure 4A).
In the absence of DNA, hSTPR adopted a typical R-helical
structure. The helical content calculated from the spectra was
61.0%, which is greater than that of sSTPR (52.0%). Next, the
structural changes in hSTPR and sSTPR upon binding to the
random probe were monitored. The spectra showed that binding
to the random probe enhanced the R-helical contents of both
hSTPR and sSTPR to a comparable extent (77.9 and 82.8%,
respectively). Interestingly, the peak intensity at 222 nm of the
sSTPR-þ290 probe complex (sequence-specific recognition)
was larger than that of the sSTPR-random probe complex
(sequence-independent recognition), while the estimated helical
content was comparable (81.8%).

The spectra at the near-UV region predominantly reflect the
DNA structure (Figure 4B). Previous studies reported that the
DNAstructure also changedupon specificDNAbinding (13, 14).
The DNA spectrum was changed by the sequence-independent

FIGURE 3: Titration of each STPRpeptide toDNA.The percentages
of the free DNA were estimated for the binding of sSTPR and the
þ290 probe (b, ;), sSTPR and the random probe (O, ---), hSTPR
and the þ290 probe (2, 3 3 3 ), and hSTPR and the random probe
(4,- 3-). The equation (see Experimental Procedures) was fitted to
the plots by the least-squares method.

Table 1: Dissociation Constants and Hill Coefficients of STPR and DNA

Probes

peptide probe Kd (nM) n

sSTPR þ290 6.57 2.42

random 41.3 1.79

hSTPR þ290 96.4 1.37

random 129.0 1.69

FIGURE 4: CD spectra of STPR-DNA complexes. (A) Far-UV CD spectra of the STPR peptide without (;) and with (---) the DNA probe. A
mixture of 10 μMpeptide and 12.5 μMDNA probe was incubated for 20 min on ice, followed by the measurement. The spectrum of the peptide
with the DNA probe was obtained by subtracting the spectrum of the free DNA probe from that of the mixture. (B) Near-UVCD spectra of the
DNA probe (;) and of the mixture of the probe and peptide (---). The experimental conditions were the same as those described above.

http://pubs.acs.org/action/showImage?doi=10.1021/bi100448f&iName=master.img-002.png&w=179&h=140
http://pubs.acs.org/action/showImage?doi=10.1021/bi100448f&iName=master.img-003.png&w=426&h=304
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binding of hSTPR or sSTPR, in a manner similar to that of the
sequence-specific binding of sSTPR, although the increment in
the ellipticity of the specific binding was slightly larger than that
of the sequence-independent binding. The far- and near-UV CD
spectra suggest that the structure of the hSTPR-DNA complex
would correspond to that of the sSTPR-DNA complex, at least
in the case of sequence-independent binding.

To obtain more structural infomation, we acquired the 1H-
15NHSQCNMRspectrumofhSTPR(Figure 5).Many resonances
were not well-dispersed, and that suggested that hSTPRwas largely
unstructured. However, downfield-shifted proton resonances were
observed around 9.0 ppm, suggesting that the DNA-free structure
of hSTPR is also partially structured, like sSTPR (12). The
solubility of the hSTPR-DNA complex was much lower; more-
over, the spectrumshowed few clear peaks (data not shown), so that
the structural analysis of the complex was difficult.
Subcellular Localization of ZNF821 andContribution of

the hSTPRDomain. To further explore the function of STPR,
in vivo expression was assessed. Full-length ZNF821, ZNF821
with the STPR domain truncated, and only the STPR domain
were each fused to EGFP at N-termini (EGFP-ZNF821, EGFP-
ZNF821-δhSTPR, and EGFP-hSTPR, respectively), and were
expressed in HeLa cells (Figure 6). Green fluorescence of the
expressed protein was observed by confocal fluorescence micros-
copy. EGFP-ZNF821 and EGFP-hSTPR were localized only in
the nucleus, while EGFP-ZNF821-δhSTPR was not exclusively
localized in the nucleus. This clearly indicates that the STPR
domain of ZNF821 is necessary and sufficient for nuclear
localization.

The diffusion constants of EGFP, EGFP-ZNF821, and EGFP-
hSTPR in nuclei were estimated by fluorescence correlation
spectroscopy (FCS) (Figure 7 and Table 2). The G(τ) for EGFP
was fitted well by a one-component model. On the other hand,
those for EGFP-ZNF821 and EGFP-hSTPR were fitted well not
by a one-component model but by a two-component model
(Figure S3 of the Supporting Information). The normalized

FIGURE 5: 1H-15N HSQC NMR spectrum of the hSTPR peptide.
The spectrumwas recorded at 293 K. The peptide concentration was
0.13 mM in 50 mM sodium phosphate and 50 mM NaCl buffer
(pH 7.0).

FIGURE 6: Subcellular localizationofZNF821,ZNF821-δhSTPR,andhSTPR, fusedwithEGFPat theN-termini.Theproteinswere transiently
expressed inHeLa cells. Red color shows nuclei stained withHoechst 33342 (left panels), and green color shows fluorescence fromEGFP (middle
panels). The scale bar is 50 μm. Schematic representations of the proteins are shown to the right of the microscopic images. Green, dark gray, and
light gray boxes represent EGFP, predicted C2H2 zinc finger domains, and STPR repeats, respectively.

http://pubs.acs.org/action/showImage?doi=10.1021/bi100448f&iName=master.img-004.png&w=234&h=185
http://pubs.acs.org/action/showImage?doi=10.1021/bi100448f&iName=master.img-005.jpg&w=351&h=316
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autocorrelation functions [G(τ)] of the fusion proteins (Figure 7,
blue and red) were shifted to the right compared with that of
EGFP (black). These shifts reflect the presence of slower diffusion
components. Theoretical diffusion constants (Table 2) were
calculated from the molecular masses and the diffusion constant
of EGFP, assuming that these proteins diffused as globular
proteins. EGFP-ZNF821 exhibited two slow diffusion constants
(first and second) that were much smaller than the theoretical
diffusion constant. Also, the two diffusion constants of EGFP-
hSTPR were much smaller than the theoretical value. These
experimental values can be explained by interaction with other
large molecules rather than by conformational variation (25). In
particular, the diffusion constants of the second components were
quite small and exhibited considerably large apparent molecular
masses (3.9� 107 kDa for EGFP-ZNF821 and 1.4� 105 kDa for
EGFP-hSTPR). The second component can be attributed to the
interaction with chromosomal DNA, suggesting that the STPR
domain of ZNF821 acts as a DNA binding domain in vivo.

DISCUSSION

Several ZNF821 sequences were obtained from a variety of
vertebrates using BLAST (26) and ALN (27) and were aligned

using ClustalW (28) with the identity matrix (Figure S2 of the
Supporting Information). The alignment scores between hSTPR
and STPRs from the other vertebrates are considerably high,
most being ∼100, while those between full-length human
ZNF821 and the other ZNF821s range from 60 to 100 (Table
S1 of the Supporting Information). This remarkable conserva-
tion suggests that the hSTPR domain should be biologically
significant.

The mobility shift assay (Figure 2) and CD spectroscopy
(Figure 4) revealed that, like sSTPR, the hSTPR peptide recog-
nized dsDNA. However, the recognition DNA sequences of
sSTPR and hSTPR are clearly different (Figure 2A). Although
SELEX has been conducted to obtain a recognition sequence of
hSTPR, a sequence that specifically bound to hSTPR has not yet
been obtained (data not shown). Whether hSTPR has a recog-
nition sequence motif remains unclear.

With respect to the sequence-independent binding, sSTPR and
hSTPR exhibit submicromolar dissociation constants (Table 1).
The relatively high affinity of sSTPR for other sequences versus
the recognition element may confer a disadvantage on the
sequence discrimination of FMBP-1. Other regions of FMBP-1
could directly or indirectly contribute to the sequence discrimina-
tion. In the case of ZNF821, the existence of zinc finger domains
implies the possibility that these domains are responsible for
sequence recognition. Otherwise, ZNF821 may be a sequence-
independent DNA-binding protein, like DNA repair proteins
(29, 30). The sequence-independent binding of the STPR do-
mains could be biologically significant. It has been reported
that many DNA-binding proteins, such as transcription factors,
associate with nonspecific DNA sequences and subsequently
search for their target sequences (31-34).

Comparison of hSTPR and sSTPR shows that the sequence in
the N-terminal half of each repeat is more conserved than that in
the C-terminal half (Figure 1C). An Ala scan of sSTPR repeat 3
showed that the important residues for the binding to the þ290
probe were Glu1, Arg6, Arg9, Leu10, Met13, and Arg20 (13).
Importantly, the former four residues are shared by hSTPR, and
the latter two residues are not. Our previous studies showed that
each repeat of DNA-free sSTPR consisted of an N-terminal
R-helix and a C-terminal loop region (12). Glu1 and Arg9 form a
salt bridge to stabilize the R-helix, which could be formed also in
the DNA-bound form. The result here showed that the sequence-
independent binding was accompanied by an increment in the
R-helical content aswell as by sequence-specific binding (Figure 4A).
Therefore, Glu1, Arg6, Arg9, and Leu10 are expected to be

Table 2: Diffusion Constants of EGFP Fusion Proteins in Nucleia

first second calculatedd

sample nb fraction (%)c D (μm2/s) D (μm2/s) Mw (kDa) Dsphere (μm
2/s)

EGFP 13 100 20.61( 1.24 - 27 -
EGFP-ZNF821 36 72.89( 7.45 4.95( 0.81 0.18( 0.12 69 15.07

EGFP-hSTPR 18 51.57( 12.32 10.60( 3.65 1.18( 0.41 39 18.23

aEach autocorrelation function of EGFP was fitted by a one-component model, while those of EGFP-ZNF821 and EGFP-hSTPR were fitted by a two-
component model (see Figure S3 of the Supporting Information). bNumber of cells for FCS measurement in a nucleus. cPercentage of fast-moving molecules
in the total molecules, N (see also Experimental Procedures). dMw was calculated from amino acid composition. For the calculation of Dsphere, a measured
value of DEGFP (20.61 μm2/s in this study) was used as in

Dsphere ¼ DEGFP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MwEGFP

Mw

3

r
¼ 20:61

ffiffiffiffiffiffiffiffi
27

Mw

3

s

In this equation, the shape of the protein was simply assumed to be a sphere and EGFP in a living cell was assumed to be free from the other molecules.

FIGURE 7: Normalized autocorrelation functions of EGFP (black),
EGFP-ZNF821 (blue), and EGFP-hSTPR (red) in the nuclei. FCS
measurements for EGFP, EGFP-ZNF821, and EGFP-hSTPR were
obtained in the nuclei ofHeLa cells. Each autocorrelation function of
EGFP was fitted by a one-component model, while that of EGFP-
ZNF821 and that of EGFP-hSTPR were fitted by a two-component
model. They were then normalized by N to unity to compare the
extent of diffusional speed (see also Experimental Procedures). The
average of normalized autocorrelation functions is shown. The
obtained diffusion constants are listed in Table 2.

http://pubs.acs.org/action/showImage?doi=10.1021/bi100448f&iName=master.img-006.jpg&w=192&h=135
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significant for both the sequence-specific and sequence-independent
dsDNA binding. Unconserved residues in the C-terminal half
could be responsible for the oligonucleotide sequence recognition.

Nuclear localization of ZNF821 (Figure 6) also strongly
suggests that ZNF821 functions in the nucleus. Comparison of
the subcellular localizations of full-length protein and truncated
mutants indicated that the hSTPR domain contributed to the
nuclear localization.Nuclear localization signal (NLS) predictions
predicted that a portion of the hSTPR domain [Lys296-Leu314
by PredictNLS (35) and Arg280-Arg313 by NLStradamus with
a cutoff of 0.8 (36)] would be the NLS for ZNF821. The nuclear
import of an NLS-containing protein is mediated by transport
factors such as importin R and β. To form a complex with the
transport factors, an NLS generally possesses a basic amino acid
cluster. Because the net charges of repeats 1-4 of hSTPR areþ3,
þ2,þ3, andþ6, respectively, repeat 4 may be mainly recognized
by the nuclear transport factors, consistent with the predictions.
NLS of FMBP-1 has not been determined experimentally.
FMBP-1 has the positively charged sSTPR domain and the
hyperbasic region (1, 14); these regions could be responsible for
nuclear localization. The conservation of Arg residues in various
STPR domains suggests that the STPRmotif can generally be an
NLS, like other DNA-binding domains that also play a role in
nuclear localization (37).

EGFP-ZNF821 and EGFP-hSTPR each exhibited two diffu-
sion constants, which were bothmuch slower than the theoretical
diffusion constants (Figure 7 andTable 2). These slower diffusion
constants strongly suggest that ZNF821 and hSTPR interact
with other molecules in the nuclei. Apparent molecular masses
estimated from the first diffusion constants are ∼2.0 � 103 kDa
for EGFP-ZNF821 and∼2.0� 102 kDa for EGFP-hSTPR. The
first components can be attributed to the formation of a large
complex (cf. transcription complex, RNA polymerase-mediator
complex). It is noteworthy that hSTPR alone could have the
ability to form the complex. The second components exhibited
extremely small diffusion constants (with apparent molecular
masses of>105 kDa), suggesting that ZNF821 and hSTPRwould
interact with chromosomal DNA. Consistent with the in vitro
experiments, hSTPR would associate with DNA also in the
nucleus of a live cell. Interestingly, the second diffusion constant
of EGFP-ZNF821 was significantly smaller than that of EGFP-
hSTPR. Full-length ZNF821 would have a higher DNA binding
affinity than hSTPR alone. As previously described, the two zinc
finger domains may be responsible for sequence-specific DNA
recognition. In conclusion, our results revealed the significant roles
of the STPR domain in vivo: DNA binding, nuclear localization,
and perhaps complex formation.

In this work,we characterized the STPRdomain of ZNF821 in
terms of structure and function. The characteristics of hSTPR
and sSTPR presented here, such as the affinity of binding for
dsDNA and the concomitant enhancement of the R-helical
structure, are expected to be shared by the other STPR domains.
The contribution to nuclear localization can also be a general
property of STPR. From the alignment and experimental results,
we can speculate about a DNA-binding motif [EX(4)RX(2)-
RLX(13)]4. Further analyses will enable us to identify the amino
acid sequence element that is essential for an “STPR motif”.

SUPPORTING INFORMATION AVAILABLE

Amino acid sequence of silkwormFMBP-1 STPR (Figure S1),
an alignment of various vertebrate ZNF821 proteins (Figure S2),

comparison of the one- and two-component fittings of the auto-
correlation functions (Figure S3), and alignment scores between
human ZNF821 and other ZNF821 proteins (Table S1). This
material is available free of charge via the Internet at http://pubs.
acs.org.
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