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Abstract

Hepatoma Derived Growth Factor (HDGF) is an endogenous nuclear-targeted mitogen that is linked
with human disease. HDGF is a member of the weakly conserved PWWP domain family. This 70–amino
acid motif, originally identified from the WHSC1 gene, has been found in more than 60 eukaryotic
proteins. In addition to the PWWP domain, many proteins in this class contain known chromatin
remodeling domains, suggesting a role for HDGF in chromatin remodeling. We have determined the
NMR structure of the HDGF PWWP domain to high resolution using a combination of NOEs, J-
couplings, and dipolar couplings. Comparison of this structure to a previously determined structure of
the HDGF PWWP domain shows a significant difference in the C-terminal region. Comparison to
structures of other PWWP domains shows a high degree of similarity to the PWWP domain structures
from Dnmt3b and mHRP. The results of selected and amplified binding assay and NMR titrations with
DNA suggest that the HDGF PWWP domain may function as a nonspecific DNA-binding domain.
Based on the NMR titrations, we propose a model of the interaction of the PWWP domain with DNA.

Keywords: HDGF; PWWP; growth factor; heart development; dipolar couplings; protein structure/
folding; protein–nucleic acid interactions; DNA-binding domains; structure; structural proteins;
NMR spectroscopy; heteronuclear NMR

The endothelium controls vascular smooth muscle cell
(VSMC) proliferation and migration through the release
of cytokines, growth factors, and matrix proteins (Cass-
cells 1992; Dodge et al. 1993; Frid et al. 2004; Herve
et al. 2005; McMullen et al. 2005). In particular, growth
factors liberated at the time of vascular injury have been
demonstrated to directly stimulate VSMC prolifera-
tion in vivo (Walker et al. 1986; Winkles et al. 1987;

McNamara et al. 1993). After surface-receptor binding
and activation, most growth-factor complexes are inter-
nalized, transported to lysosomes, and degraded (Hon-
egger et al. 1987; Schlessinger 2000; Dikic 2003). However,
it has recently been demonstrated that several exogenous
growth factors, such as PDGF and bFGF, exert their effect
within the nucleus of the cell (Rakowicz-Szulczynska et al.
1986; Baldin et al. 1990; Gabriel et al. 1991).

Hepatoma Derived Growth Factor (HDGF) is an
endogenous nuclear-targeted mitogen that is linked
with human disease. HDGF is coexpressed with PCNA
in proliferating VSMC atherosclerotic plaques (Everett
et al. 2000). It has also been demonstrated that HDGF
expression is predictive of survival in patients with non-
small-cell lung cancer (Ren et al. 2004; Iwasaki et al.
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2005).Although lackingasecretory leader sequence,HDGF
was originally purified from medium conditioned by the
human hepatoma-derived cell line (HuH-7) and from
the rat metanephrogenic cell line 7.1.1 (Nakamura et al.
1994;Oliver andAl-Awqati 1998).HDGFfits the definition
of a true growth factor, as exogenous HDGF is mitogenic
for fibroblasts (Nakamura et al. 1994), endothelial cells
(Oliver and Al-Awqati 1998; Everett et al. 2004), several
hepatoma cell lines (Kishima et al. 2002), and neuronal
cells (Zhou et al. 2004).

HDGF is a member of a relatively new family of
proteins containing the weakly conserved PWWP
domain. The PWWP domain was first characterized
from the WHSC1 gene (Stec et al. 2000). It contains a
conserved 70–amino acid sequence and has been found
in ,60 eukaryotic proteins. In addition to a PWWP do-
main, proteins in this family frequently contain known
chromatin association domains such as the bromodo-
main, chromodomain, SET domain, and Cys-rich Zn-
binding domains (Stec et al. 2000). This strongly suggests
a role in chromatin regulation or modification for these
proteins, and potentially, the PWWP domain itself.
Initially, the PWWP domain was hypothesized to be a
site for protein–protein interaction. However, the PWWP
domain of Dnmt3b has been shown to interact with DNA
(Qiu et al. 2002; Chen et al. 2004; Ge et al. 2004). Indeed,
it has recently been demonstrated that Dnmt3a and
Dnmt3b are associated with chromatin throughout the
entire cell cycle and that this association is mediated via
the PWWP domain (Ge et al. 2004).

We have determined the high-resolution solution
structure of the N-terminal PWWP domain of HDGF
using NMR spectroscopy. Comparison of this structure
to a previously determined HDGF PWWP domain struc-
ture shows a significant difference in the C-terminal
region of the domain. We have also compared this struc-
ture with the PWWP domain structures from Dnmt3b
and mHRP. In addition, we have used selected and am-
plified binding and NMR titrations to map a potential
DNA-binding site on the protein.

Results

Defining PWWP domain boundaries in HDGF

We expressed and purified a portion of HDGF corre-
sponding to amino acids 0–142 through affinity and
size-exclusion chromatography. The zero numbering
represents an N-terminal Gly cloning artifact remain-
ing after rTEV cleavage. To identify the core PWWP
domain, this fragment was subjected to limited prote-
olysis with subtilisin. The cleaved protein band was
extracted from an SDS–polyacrylamide gel and ana-
lyzed by MALDI-TOF mass spectrometry, resulting

in identification of 0–110 as a stable domain amenable
to structural analysis. This result was confirmed by
measurements of the {1H}15N NOE in 110 and 142
amino acid constructs (Fig. 1B).

Solution structure of the HDGF PWWP domain

Independent of other studies, we have determined the
structure of the HDGF PWWP domain by NMR spec-
troscopy (Fig. 1). Assignments of 1H, 13C, and 15N
chemical shifts were based on standard heteronuclear
3D NMR experiments (Sattler et al. 1999). A nearly
complete set of chemical shifts has been obtained for
the fragment containing residues 8–96 (see Materials
and Methods). For structure determination, we collected
3D 15N-edited NOESY and 3D 13C-edited NOESY
spectra. The assignment of NOESY cross-peaks and
structure calculations were achieved in an automated
manner using CANDID/CYANA (Herrmann et al.
2002). In addition to NOEs, we utilized TALOS-derived
f and c dihedral restraints (Cornilescu et al. 1999) and a
set of 23 interstrand hydrogen bonds identified for reg-
ular b-strands based on NOE patterns (Table 1). In
order to further refine the structure of the PWWP
domain of HDGF, we collected a large set of residual
dipolar couplings (RDCs) for protein weakly aligned in
charged polyacrylamide gels (Cierpicki and Bushweller
2004). Interestingly, we could obtain useful samples only
in gels with very strong positive charge and in the pres-
ence of 200 mM NaCl in order to reduce electrostatic
interactions. Attempts to achieve different alignment by
using negatively charged and zwitterionic gels failed,
most likely due to the very high pI of the protein
(pI=9.2) and strong interaction with the gels. We col-
lected a large set of RDCs for protein weakly aligned in
a 75+M polyacrylamide gel (Cierpicki and Bushweller
2004). Four sets of RDCs (1DHN,

1DNC¢,
2DHNC¢, and

1DC¢Ca) have been measured using an HNCO based set
of experiments (Yang et al. 1999). The refinement of
the structure has been carried out in CNS (Brunger et
al. 1998) with distance restraints obtained from auto-
matic assignment in CANDID/CYANA, dihedral angle
restraints, hydrogen bonds, 3JHNHa couplings, and RDCs
(Table 1). The final set of 26 lowest-energy structures is
shown in Figure 1A.

A well-defined core structure is observed for residues
9–33 and 44–96. Indeed, the backbone RMS deviation
for this portion of the protein is 0.31 Å, representing the
most accurate structure of this domain to date. Signifi-
cant disorder is observed for the N and C termini, as well
as the poorly conserved loop containing residues 34–43.
Measurement of the {1H}15N NOE shows depressed
values for these regions, confirming the increased
dynamics in these regions (Fig. 1B).
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The conserved HDGF b-barrel consists of five anti-
parallel strands (b1, 15–18; b2, 26–32; b3, 45–49; b4, 53–
58; b5, 63–65). Strands b1 and b2 are linked by a b–b

arch (MKGYP), which allows the side chains of Met20
and Tyr23 to point into the core of the barrel. Strands b2

and b3 are connected by the flexible loop L2. This region
shows little sequence similarity between PWWP homo-
logs. Strands b3 and b4 are connected by a type II¢ b

turn. A 310-helix (a1) is present between strands b4 and
b5. The characteristic i to i+3 hydrogen bonding pattern
is observed for the carbonyls of Gly59 and Pro60 and the
amides of Asp62 and Leu63, respectively.

The C-terminal portion of the PWWP domain con-
sists of two adjacent helical turns a2 and a3 (residues 66–
69 and 69–73) and the 10-residue long a4 helix (residues
82–91). The a2 is stabilized through hydrogen bonding
between the backbone carbonyl of Pro65 and the amide
of Ser69. In addition, hydrogen bonding is observed be-
tween the carbonyl of Ser69 and amide of Phe73 in a3.
The C-terminal a4 contains a regular pattern of i to i+4
hydrogen bonds for residues 82–91.

The conserved PWWP motif is located at the begin-
ning of b-strand 2 (PHWP). Pro24 forms a b-bulge,
which, along with the bend created by Pro27, is neces-
sary for the formation of the b-barrel. In addition, the

indole ring of Trp26 packs against a1, while the side
chain of His25 packs against the side chain of the highly
conserved Lys19 residue. Indeed, mutation of Lys19
to Ser resulted in disruption of the fold, as assessed by
15N-1H HSQC spectra (data not shown), likely as a re-
sult of the intimate packing of this residue with His25.
Indeed, we observe several NOEs between the side-chain
protons of these residues.

Application of RDCs has a significant impact on
the accuracy of the structure. Although the structure of
the PWWP domain of HDGF obtained from a CAN-
DID/CYANA calculation is based on a large number of
experimental restraints, including 391 long-range NOEs,
its accuracy judged from analysis of RDCs is mod-
erate. The quality factors representing the agreement
between structure and experimental RDCs (Cornilescu
et al. 1998) calculated for all 1DHN couplings and the
lowest-energy conformers from CYANA are ,40%.
Application of RDCs leads to a substantial decrease of
the quality factors to 12% with no NOE distance viola-
tions larger than 0.2 Å and no dihedral angle violations
exceeding 2�. The difference between the unrefined and
refined set of HDGF structures is 1.006 0.11 Å and
1.726 0.12 Å for backbone and heavy atoms, respec-
tively. Furthermore, application of RDCs results in an

Figure 1. Structure of the HDGF PWWP domain. (A) Final set of 26 lowest-energy conformers with secondary structural

elements color-coded as follows: a1–4, red; b1–5, cyan; loop L2 (residues 34–43), green; and side chains of the PWWP motif

(P26-F27-W28-P29), magenta. (B) Heteronuclear NOE results with secondary structure elements color-coded as in A. (C)

Comparison of this structure (green) with the previously solved HDGF PWWP domain structure (PDB code 1ri0) (blue). (D)

Comparison of this structure with HRP-3 PWWP domain structure (PDB code 1n27) (magenta).

316 Protein Science, vol. 15

Lukasik et al.

Fig. 1 live 4/c



increase of structure precision and significant improve-
ment of the Ramachandran plot statistics. Indeed, the
percentage of residues in the most favored regions in-
creases from 77.4% to 90.7%.

Selected and amplified binding assay (SAAB)

In order to try to identify a specific DNA-binding site
for the PWWP domain of HDGF, we used a SAAB
assay. This approach has previously been utilized to
determine specific DNA-binding sites for Ciz1 (Warder
and Keherly 2003), the MT domain of MLL (Ayton et

al. 2004), and RAP1 (Graham and Chambers 1994), for
example. A 72-bp oligonucleotide was synthesized,
comprising a randomized 30-bp central region flanked
by known sequences. Primers targeted at the known
sequence were utilized for subsequent library amplifica-
tion and for the production of the initial double-
stranded DNA library. Six rounds of selection were
performed utilizing the amplified PCR product as
a binding library after the first round. His-tagged
HDGF1–142 bound to Ni-NTA beads was incubated
with the DNA library and washed six times. The sample
was boiled to release the new DNA library, which was

Table 1. Statistics for assignment of NOESY spectra and calculation of HDGF structure

Assignment using CANDID/CYANAa

13C NOESY (aliphatic)/assigned 2040/1920 (94%)
13C NOESY (aromatic)/assigned 292/265 (91%)
15N NOESY/assigned 953/802 (84%)

Structure refinement using CNS

No. NOE distances 1415

Intraresidual 519

Sequential (|i-j|=1) 340

Medium-range (1<|i-j|<5) 165

Long range (|i-j|>4) 391

No. hydrogen bond restraintsb 46

No. dihedral angle restraints (c+f)c 38+41

No. JHNHa couplings 54

No. RDCs 258
1JHN (Trp side chains) 64 (2)
1JNC’ 62
2JHNC’ 66
1JC’Ca 64

RMS deviations from distance restraints (Å) 0.00716 0.0007d

RMS deviations for hydrogen bond restraints (Å) 0.01976 0.0024

RMS deviations for dihedral angles (deg) 0.3456 0.016d

RMS deviations for J-couplings (Hz) 0.486 0.03

RMS deviations for RDC (Hz)
1JHN 1.16 0.05
1JNC’ 0.236 0.007
2JHNC’ 0.576 0.015
1JC’Ca 0.526 0.013

RMS deviations for covalent geometry

bond lengths (Å) 0.00156 0.00006

bond angles (deg) 0.3416 0.006

impropers (deg) 0.2546 0.011

Ramachandran plot statistics (%)e Residues 9–96 Residues 9–33, 44–96

residues in most favored regions 81.5 90.7

residues in additional allowed regions 13.5 7.3

residues in generously allowed regions 2.7 –

residues in disallowed regions 2.3 2.0

RMS deviations for NMR ensemble (Å)

backbone 1.096 0.35 0.316 0.07

heavy atoms 1.656 0.30 1.156 0.16

aNumber of collected and assigned peaks from 3D NOESY spectra.
b Two distance restraints for each hydrogen bond.
c Backbone dihedral angles from TALOS analysis (Cornilescu 1999).
d Largest NOE distance violation is <0.2 Å and dihedral angle violations do not exceed 2�.
e Ramachandran plot statistics according to PROCHECK analysis (Laskowski 1996).
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further amplified by PCR. Reactions were monitor-
ed using TAE-agarose gels and visualized with ethi-
dium bromide. The final library was cloned into PCR
blunt (Invitrogen) and sequenced with the M13 reverse
primer.

We were unable to determine a specific DNA se-
quence present in all of the sequenced clones (Fig. 2).
The most common sequence was the C-rich 5¢-CACC-3¢
that appeared in 61% of the final library, usually as one
copy per clone (Fig. 2A). The CACC element was found
repeated in two of the 18 unique clones sequenced. No
other consensus sequence was found with repeatability
>5%, as assessed with the program MEME (Bailey and
Elkan 1994). In previously reported SAAB assays, each
analyzed sequence in the final library contained multiple
copies of the specific high-affinity DNA element. For
example, SAAB analysis of clones from the MT domain
of MLL showed three to seven copies of the CpG dinu-
cleotide sequence (Ayton et al. 2004). This lack of selec-
tion may be attributed either to a very weak interaction
of the PWWP domain with the CACC DNA element or
nonspecific binding, similar to what has been described
for the PWWP domain of Dnmt3b (Chen et al. 2004). We

further assessed whether the PWWP domain of HDGF
selectively recognized C/G or A/T-rich DNA elements
(Fig. 2B). Of the clones sequenced, 53% were G/C,
while 47% were A/T (Fig. 2B). Therefore, the PWWP
domain of HDGF does not discriminate between AT
and GC base pairs, suggestive of a nonspecific DNA
interaction.

Mapping of interactions between HDGF and DNA

In order to map the DNA-binding site on the HDGF
PWWP domain, we carried out NMR titrations of 0.2
mM 15N-labeled PWWP domain with various concen-
trations of the DNA element 5¢-TACAACACCCACA
AA-3¢. Numerous protein resonances were shifted by
addition of 0.5, 1, and 2 equivalents of DNA (Fig.
3A,C). Very similar chemical-shift perturbations were
observed for a mutant of this DNA (CACC!CATT),
consistent with a nonspecific interaction (data not shown).
The observation of only a single set of peaks and the slow
saturation of protein chemical shifts upon titration with
DNA is consistent with fast exchange and relatively weak
binding. Indeed, titration measurements by NMR are
consistent with a Kd of ,10-5 M; however, this may be
an apparent Kd that does not reflect a single unique bind-
ing site.

Most of the chemical-shift changes in the HDGF
PWWP domain are localized to one face of the protein,
consisting of residues found in the b1/b2 b–b arch
region (residues Lys19–Tyr23), the 310 helix (residues
Gly59–Leu63), the two a2 and a3 helical turns (Tyr66–
Phe73), and the N terminus (residues Lys8–Tyr10). Elec-
trostatic calculations show that the location of the puta-
tive DNA-binding site overlaps with a patch of very high
positive electrostatic potential on the protein (Fig.
3D,E). This patch includes several Lys residues (8, 19,
21, 61, 72, 75, and 80) and Arg79, all of which are
solvent-exposed. This site has also been identified as a
heparin binding site, consistent with heparin’s polyan-
ionic composition (Sue et al. 2004).

We also analyzed chemical shifts of the DNA fragment
based on homonuclear 2D TOCSY and NOESY spectra.
Titration of DNA with HDGF results in a continuous
stretch of relatively weak perturbations along the entire
DNA sequence (Fig. 3B). This is consistent with a non-
specific interaction and with multiple binding sites on
DNA. The strongest chemical-shift perturbations are
observed for 5 bp located in the middle of the 15-mer
oligonucleotide. Interestingly, the size of this DNA frag-
ment agrees well with that of the mapped surface of
HDGF involved in DNA binding. Based on the chemical
shift titration, we created a model of the HDGF DNA
complex (Fig. 3C). Although this model has limited accu-
racy, it clearly identifies a surface of the protein that is

Figure 2. HDGF PWWP domain SAAB assay results. (A) A total of 20

clones were sequenced, yielding 18 unique inserts. The CACC element

identified in 10 clones (61%) is outlined in yellow. (B) Percentage of G/

C and A/T found in the clones sequenced.
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complementary to double-stranded DNA and consistent
with the pattern of observed chemical-shift changes.

Finally, we carried out a titration experiment using
HDGF0–110 and a single-stranded poly-GC oligonu-
cleotide. No chemical-shifts changes were observed,
indicating that the protein does not interact with sin-
gle-stranded DNA.

Discussion

Comparison of the HDGF PWWP domain
and mHRP-3 structures

The solution structure of the HDGF PWWP domain
was previously reported by Sue et al. (2004). The two
structures were aligned using residues 9–33 and 44–96
(Fig. 1C). This excludes the unstructured loop L2, which
varies between homologous PWWP domains. The back-
bone global r.m.d. deviation for these residues is
3.066 0.11 Å. A backbone RMS deviation of 1.786

0.10 Å was obtained for the b-barrel region (residues
9–33, 44–65) and 4.326 0.20 Å for the C-terminal region
(66–96). Sue et al. (2004) reported that the C-terminal
portion of HDGF PWWP domain contains two a

helices. In contrast, our data clearly shows that the C-
terminal domain of HDGF0–110 consists of two short
turns (residues 66–73) and an extended a helix (82–91).
We have no evidence of a continuous i to i+4 hydrogen
bonding pattern in this region, observing hydrogen
bonding only between Pro65 and Ser69 and between
Ser69 and Phe73. It is worthwhile to emphasize that
significant improvement in the accuracy of this region
was obtained upon introduction of RDCs in the refine-
ment procedure. In order to assess the previous structure
of HDGF using RDCs, we calculated quality factors
using 1DHN couplings. We obtained a very high Q
value of 75.8%6 2.2% that reveals poor agreement
between the structure and the experimental dipolar cou-
plings. This observation further demonstrates that our
structure has significantly improved accuracy.

The PWWP domain structure of mHRP-3 has re-
cently been determined (Nameki et al. 2005). The con-
struct utilized has 75% identity to the PWWP domain of
HDGF. Comparison with our structure indicates a back-
bone RMS deviation between the proteins of 1.356 0.06
Å for residues 10–33 and 44–90 (Fig. 1D). This includes
an RMS deviation of 1.406 0.08 Å (residues 10–33, 44–
65) for the conserved b-barrel and 1.246 0.14 Å for the
C-terminal domain (residues 66–90). Some small differ-
ences between the two structures can be traced to the
amino acid sequence, such as the absence of Val95 in
HPR-3, resulting in the lack of a hydrophobic stabiliza-
tion interaction with the a4 helix. The sequence and
structural similarity between these two proteins is
strongly suggestive of a very similar function.

Comparison to the Dnmt3b PWWP domain

Although the function of the PWWP domain is present-
ly unknown, it is found in many chromatin-associat-
ed proteins (Stec et al. 2000). DNA-binding activity of
the PWWP domain from the DNA methyltransferase

Figure 3. Mapping of HDGF–DNA interactions by NMR. (A)
15N-1H HSQC of HDGF0–110 PWWP domain (red) titrated with

0.5 (cyan), 1 (blue), and 2 (black) molar equivalents of DNA.

(B) Fragment of 2D NOESY of DNA (blue) and DNA–HDGF0–110

(red) in a 1.5:1 molar ratio. (C) Model of the complex between

DNA and HDGF based on chemical-shift perturbations observed

in the PWWP domain and DNA. Chemical-shift differences for

HDGF0–110 and DNA were calculated according to the formulas

D�HDGF ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D�2

HN þ 0:11�D�2
N

q
and D�DNA ¼ jD�H j, respectively. Chemi-

cal-shift changes for HDGF are color-coded according to the following

scheme: blue, DdHDGF>0.1; light blue, 0.05 $ DdHDGF>0.1; and cyan,

0.01$ DdHDGF>0.05. Chemical-shift perturbations of DNA protons are

proportional to the sphere radii and colored as follows: red,

DdDNA>0.025; orange, 0.025 $ DdDNA>0.015; and yellow, DdDNA#

0.015. (D) Electrostatic map of the HDGF0–110 PWWP domain (blue,

positive electrostatic potential; red, negative electrostatic potential). This

map was generated using the GRASS server (Nayal et al. 1999); (E)

Contour plot of the HDGF0–110 PWWP domain in the same orientation

as in C with residues colored according to the magnitude of the observed

chemical-shift change upon addition of DNA.
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Dnmt3b was demonstrated by in vitro experiments (Qiu
et al. 2002). Recently, it was shown that this domain
is essential for chromatin targeting of Dnmt3a and
Dnmt3b, being localized to heterochromatin in interphase
and at specific loci during metaphase (Ge et al. 2004).
While the PWWP domain alone binds to metaphase chro-
mosomes, additional regions are required for heterochro-
matin association.

A comparison of the PWWP domains fromHDGF and
Dnmt3b is shown in Figure 4 (Qiu et al. 2002). Despite low
sequence identity for the b-barrel cores of the two proteins
(29%), the structures are very similar. The backbone RMS
deviation between b-barrel residues of HDGF0–110 and
Dnmt3b PWWP domains is 0.706 0.02 Å. As shown pre-
viously, this structural motif is conserved throughout all
PWWPdomains (Qiu et al. 2002;Slater et al. 2003; Sue et al.
2004; Nameki et al. 2005). However, significant differences
between HDGF0–110 and Dnmt3b are present in the C-ter-
minala-helical domain,which is substantially longer inDn-
mt3b(67residues inDnmt3bvs. 25residues inHDGF0–110).
Overall, the highest structural similarity between the two
domains exists for the interface, which in the case of
HDGF0–110 is involved inDNAbinding (Fig. 4), suggestive
of a similar function for this domain in the two proteins.

PWWP domain function

Ourresultsare inconclusiveastoaspecificDNA-bindingsite
for the PWWP domain of HDGF. SAAB results indicate
somepreferencefora5¢-CACC-3¢ sequence,foundin61%of
the unique sequenced clones. CACC-binding elements have
been previously identified in regulatory regions of muscle-
specific genes (Biesiada et al. 1999; Esser et al. 1999). In
particular, zinc finger domains such as Sp1 and RIN ZF

have been shown to regulate gene expression using this ele-
ment. Recently, Dellow et al. (2001) have identified a new
class of CACC transcription factors, HCB1 and HCB2
(heartCACC-boxbinding factors).Bindingofbothproteins
toDNAisnotaffectedbychelationagents.Thissuggeststhat
HCB proteins are not zinc finger DNA-binding domains.
Theprotein sequences of these transcription factors have yet
to be determined. It has been demonstrated that Dnmt3b
associates with DNA. Recently, Chen et al. (2004) showed
that the Dnmt3b PWWP domain binds DNA nonspecifi-
cally. Competition experiments utilizing salmon sperm
DNA inhibited binding to specific targeted probes. This is
in agreement with our results of a weak or nonspecific inter-
action of the PWWPdomain ofHDGFwithDNA.

The C-terminal portion of the PWWP domain differs
between proteins (Fig. 4). While the b-barrel region is
highly conserved, the C-terminal helical region differs
strikingly. Therefore, it is possible that the C-terminal
region of the PWWP domain is involved in a protein–
protein interaction that targets this domain to an appro-
priate region of DNA. In this case, a weak interaction
with DNA would contribute to specificity.

Materials and methods

Expression and purification of HDGF PWWP domains

cDNA coding for residues 0–142 and 0–110 of HDGF were
cloned into the NCOI/XhoI sites of the pHIS Parallel II vector
using standard methods (Sheffield et al. 1999). 13C, 15N-labeled
protein was generated from minimal medium with 15N ammo-
nium sulfate and 13C glucose (Cambridge Isotope Labs). Unla-
beled protein was generated from 2·YT medium (Q-Biogene).
In both cases, cells were grown to an OD600 of 0.500, at which
point they were induced at 30�C for 6 h with 0.8 mM IPTG.
His6-tagged proteins were purified with Ni2+ NTA agarose
chromatography. The affinity tag was cleaved with rTEV pro-
tease. Proteins were further purified by SP-Sepharose (Amer-
sham-Pharmacia) ion exchange chromatography or Sephacryl
S-100 size exclusion chromatography. The protein was then
dialyzed into NMR buffer, 20 mM KPi (pH 6.5), 50 mM
KCl, 1 mM DTT. Protein concentration was determined by
absorbance measurements at 280 nm, with an extinction coef-
ficient of 18,500 (cm/M) (Pace et al. 1995).

Limited proteolysis

Limited proteolysis was utilized to determine the PWWP core
fragment in HDGF. HDGF0–142 was incubated with 0.001 U
of subtilisin for 3 h. The resulting fragment was gel extracted
and analyzed by MALDI-TOF mass spectrometry at the Uni-
versity of Virginia Keck Core Facility.

NMR spectroscopy

NMR spectra were measured on Varian Inova 500 and 600
MHz NMR spectrometers at 28�C. Protein samples prepared

Figure 4. Comparison of the HDGF1–110 PWWPdomain solution struc-

ture with the X-ray structure of the Dnmt3b PWWP domain (PDB code

1khc).A set of 26 conformers of theHDGF1–110 PWWPdomain is shown

in gray, with additional coloring of residues mapped in the DNA-binding

experiment (cyan, light blue, and blue; see Fig. 3C for explanation). The

structure of Dnmt3b is shown in magenta. DNA-binding site elucidated

fromNMR titration experiment is represented as a green sphere.
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for structure determination contained 0.8 mM 15N- or 13C/15N-
labeled HDGF0–110 in the previously mentioned buffer supple-
mented with 10% D2O. Backbone assignments were obtained
from 3D HNCACB, CBCA(CO)NH, HN(CA)CO, and
HNCO spectra. Side-chain chemical shifts were assigned from
CC(CO)NH-TOCSY, HC(CO)NH-TOCSY, and HCCH-
TOCSY recorded with 8- and 24-msec mixing times. For the
structure determination, we measured 3D 15N-edited NOESY-
HSQC (60-msec mixing time) and two 13C-edited NOESY-
HSQC spectra (80-msec mixing times) for aliphatic and aro-
matic regions. An HNHA experiment was recorded to measure
3JHNHa coupling constants (Kuboniwa et al. 1994). All NMR
spectra were processed and analyzed using NMRPipe (Dela-
glio et al. 1995) and Sparky (T.D. Goddard and J.M. Kneller,
University of California, San Francisco).

Measurement of dipolar couplings

The sample used for the measurement of dipolar couplings
contained 1 mM protein in 20 mM potassium phosphate buffer
(pH 6.5) and 200 mM NaCl. The anisotropic coupling con-
stants have been measured in the presence of a positively
charged gel compressed to 4% concentration and consisting
of 75% (3-acrylamidopropyl)-trimethylammonium chloride
and 25% acrylamide (75+M) (Cierpicki and Bushweller
2004). Four types of couplings—1DHN,

2DHNC’,
1DNC’, and

1DC’Ca—were measured using 3D HNCO-based experiments
(Yang et al. 1999), and the range for observed RDCs was -20.4
to 15.4, -4.4 to 5.5, -1.6 to 2.3, and -3.2 to 3.9 Hz, respectively.
Analysis of RDCs has been carried out in the program PALES
(Zweckstetter and Bax 2000) and validation of the structures
was based on the quality factor Q, derived from the formula:
Q=rms(Dcalc -Dexp)/rms(Dexp), where Dexp and Dcalc are ex-
perimental and calculated couplings, respectively (Cornilescu
et al. 1998).

Structure determination

The assignment of NOESY cross-peaks and structure calcula-
tions have been carried out in an automated manner using
CYANA 1.0.5 (Herrmann et al. 2002). For this purpose, we
used manually assigned chemical shifts and cross-peaks derived
from a 3D 15N-edited NOESY (60-msec mixing time) and two
3D 13C-edited NOESY spectra (80-msec mixing times)
recorded for the aliphatic and aromatic 13C regions. Further
structural restraints included TALOS-derived f and c dihedral
angles (Cornilescu et al. 1999) and 23 interstrand hydrogen
bonds identified based on the pattern of long-range NOEs in
neighboring b-strands.
The final structure of the HDGF PWWP domain was calcu-

lated using the simulated annealing protocol in CNS (Brunger
et al. 1998). The refinement was based on a large set of dis-
tances obtained from CYANA/CANDID supplemented with
backbone dihedral angles, hydrogen bond restraints, 3JHNHa

coupling constants from an HNHA spectrum, and residual
dipolar couplings. Parameters of the alignment tensor have
been obtained from fitting of RDCs to the preliminary struc-
ture of HDGF obtained from CYANA/CANDID using
PALES (Zweckstetter and Bax 2000). The final optimized
values of the magnitude (Da) and rhombicity (R) of the align-
ment tensor are: Da=9.0 Hz, R=0.4. Force constants for di-
polar couplings have been adjusted to reflect RMS deviations
for the calculated structure within the order of measurement

accuracy. Initial values of the force constants of 0.01 kcal/mol
Hz2 were ramped to 0.75, 0.3, 0.2, and 0.2 kcal/mol Hz2 for
1DHN,

2DHNC’,
1DNC’, and

1DC’Ca, respectively. A total of 400
structures have been calculated, and an ensemble of 26 con-
formers have been selected based on energy criteria for further
analysis.

Selected and amplified binding (SAAB)

We carried out a selected and amplified binding (SAAB)
selection to determine DNA-binding site preference for the
HDGF PWWP domain. We utilized a double-stranded 72
mer containing a 30-bp randomized sequence. We used a
similar protocol as described in Lu et al. (1994). Six rounds
of selection were performed utilizing the amplified PCR prod-
uct as a binding library after the first round. His-tagged
HDGF0–142 bound to Ni-NTA beads was incubated with the
DNA library for 2 h and washed four times with TE Buffer.
After the final wash, the beads were boiled for 10 min in 30
mL of TE buffer to release the DNA library. Washes and PCR
reactions were monitored using TAE-agarose gels and visual-
ized with ethidium bromide. The final library was cloned into
PCR blunt (Invitrogen) and sequenced with the M13 reverse
primer.

Protein–DNA interactions monitored by NMR

DNA utilized for NMR titrations was annealed by mixing
equal aliquots of two oligomers, heating to 85�C, and slow
cooling to room temperature. Excess single-stranded oligo-
mers were removed by Q-Sepharose ion exchange chromatog-
raphy. In order to analyze protein–DNA interactions, we
titrated 0.2 mM 15N-labeled HDGF with 0.5, 1, and 2 equiva-
lents of oligonucleotide and used 1H-15N HSQC spectra to
monitor protein chemical-shift changes. The following DNA
sequences have been used: 5¢-TACAACACCCACAAA-3¢
and 5¢-TACAACATTCACAAA-3¢. In order to analyze chem-
ical-shift changes for the DNA, we carried out proton assign-
ment based on homonuclear 2D TOCSY and 2D NOESY
spectra.

Finally, in order to test whether chemical-shift changes and
the structure of HDGF0–110 are complementary to DNA struc-
ture, we used InsightII to build a model of the complex using
double-stranded B-DNA matching the sequence used in the
NMR experiments. The alignment of DNA with the binding
site on HDGF was obtained by visual inspection with particular
attention toward matching the pattern of chemical shift changes,
shape complementarity, absence of steric clashes (especially with
the protein backbone), and favorable electrostatics. Finally, we
performed a brief minimization in order to remove steric clashes
between the protein side chains and DNA.

Accession number

Coordinates for 26 structures of HDGF0–110 PWWP have been
deposited in the Protein Data Bank (PDB) with code 2B8A.
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