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Abstract

The zinc finger HIT domain is a sequence motif found in many proteins, including thyroid hormone
receptor interacting protein 3 (TRIP-3), which is possibly involved in maturity-onset diabetes of the
young (MODY). Novel zinc finger motifs are suggested to play important roles in gene regulation and
chromatin remodeling. Here, we determined the high-resolution solution structure of the zinc finger HIT
domain in ZNHIT2 (protein FON) from Homo sapiens, by an NMR method based on 567 upper distance
limits derived from NOE intensities measured in three-dimensional NOESY spectra. The structure
yielded a backbone RMSD to the mean coordinates of 0.19 Å for the structured residues 12–48. The fold
consists of two consecutive antiparallel b-sheets and two short C-terminal helices packed against the
second b-sheet, and binds two zinc ions. Both zinc ions are coordinated tetrahedrally via a CCCC-
CCHC motif to the ligand residues of the zf-HIT domain in an interleaved manner. The tertiary structure
of the zinc finger HIT domain closely resembles the folds of the B-box, RING finger, and PHD domains
with a cross-brace zinc coordination mode, but is distinct from them. The unique three-dimensional
structure of the zinc finger HIT domain revealed a novel zinc-binding fold, as a new member of the
treble clef domain family. On the basis of the structural data, we discuss the possible functional roles of
the zinc finger HIT domain.

Keywords: NMR; structural genomics; solution structure; zinc finger HIT (zf-HIT); ZNHIT2 (protein
FON); thyroid hormone receptor interacting protein 3 (TRIP-3, ZNHIT3)

Zinc-binding proteins play crucial roles in protein–
protein and protein–nucleic acid interactions. Therefore,
comprehensive structural information about zinc-binding
proteins will facilitate a fundamental understanding of the
zinc-binding proteins.

The zinc finger HIT (zf-HIT) is a novel zinc-binding
domain with ;50 amino acids and is one of the interest-
ing targets for the RIKEN Structural Genomics/Proteo-
mics Initiative (RSGI) project (Yokoyama et al. 2000).
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An amino acid sequence alignment revealed that these
domains contain conserved cysteine (Cys) and histidine
(His) residues that can potentially coordinate zinc atoms
(Pfam database) (Fig. 1). Zf-HIT was named after the first
protein that originally defined the domain: the yeast HIT1
protein (Kawakami et al. 1992). The function of this
domain is unknown, but this domain is mainly found in
nuclear proteins involved in gene regulation and chroma-
tin remodeling. For example, the human thyroid hormone
receptor interacting protein 3 (TRIP-3, ZNHIT3), com-
posed of 155 amino acids, is characterized by the N-
terminal zf-HIT domain spanning residues 1–52 (Iwahashi
et al. 2002). Intriguingly, TRIP-3 is also a co-activator
associated with hepatocyte nuclear factor-4a (HNF-4a),
which is a transcription factor and a member of the steroid
hormone receptor superfamily. Maturity-onset diabetes of
the young (MODY) is a monogenic form of diabetes caused
by autosomal dominant inheritance, with an early-onset and
pancreatic b-cell dysfunction. Mutations of the HNF-4a

gene are associated with a subtype of MODY characterized
by impaired insulin secretion in response to a glucose load.
Therefore, TRIP-3 is considered to be possibly involved in
MODY.

Despite the medical importance of the zf-HIT-containing
proteins described above, conventional sequence align-
ments did not reveal any significant homology with
proteins of known structure or function. Thus, the structure
and function of the zf-HIT domain remain to be elucidated.
Here we report the first solution structure of a zf-HIT

domain, comprising residues 1–46 from ZNHIT2 (protein
FON), encoded by the C11orf5 gene on Chromosome
11q13–q22 from Homo sapiens (Lemmens et al. 2000;
O’Brien et al. 2000). Our structural analysis revealed that
the zf-HIT domain, with a compact, globular fold, con-
tains two consecutive antiparallel b-sheets followed by a
C-terminal short a-helix and 310-helix, which pack against
the second b-sheet. The domain binds two zinc ions with a
Cys4 and Cys2-His-Cys coordination mode in a cross-brace
zinc finger architecture. We compared this structure with
those of other zinc-binding motifs, such as the B-box,
RING finger, and PHD domains from the same treble cleft
domain family with an interleaved zinc binding mode, and
now propose that zf-HIT may function as a protein–protein
interaction domain.

Results

Resonance assignments

The 2D 1H–15N HSQC spectrum (Fig. 2) showed dis-
persed, sharp NH signals with similar intensities for non-
proline residues, characteristic of a folded protein. The
polypeptide backbone resonance assignments are com-
plete, except for the amide proton of Leu39 (see Materials
and Methods for the numbering of residues) in the
nonnative expression tail regions. The side-chain assign-
ments of the non-labile protons are complete, with the
exception of Hz of Phe52 and He of Phe16. Among the

Figure 1. Structural-based multiple-sequence alignment of the zf-HIT domain, based on seed sequences from Pfam. (w) The seven

Cys and one His residues for coordination with zinc atoms are numbered at the bottom of the sequence. Labels and elements of

secondary structures are reported above the aligned sequences. The three subgroups are shown with different colors for the title of the

sequence. (Red) The first subgroup; (green) second subgroup; (blue) third subgroup. The sequence alignment output was made with the

ESPript program (Gouet et al. 1999).
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labile side-chain protons, the imide groups of all of
the asparagine and glutamine residues were assigned
using intraresidual NOEs (Wüthrich 1986). For all of
the Xxx-Pro bonds, the trans conformation was confirmed
independently by intense Xxx (Ha)-Pro (Hd) sequential
NOESY cross peaks (Wüthrich 1986), and by the 13Cb and
13Cg chemical shift differences (Schubert et al. 2002). The
assignments were confirmed by tracing the dNN, daN, and
dbN connectivities on NOESY experiments, following the
original methodology of Wüthrich (1986). Secondary struc-
tural elements were identified during this process by using
the middle- and long-range NOE connectivities. The overall
secondary structure of zf-HIT of ZNHIT2 comprises the
following elements: b1 (Gly12–Cys14), b2 (Gln23–
Arg26), b3 (Tyr27–Cys29), b4 (Ala34–Tyr36), aA
(Leu39–His45), and aB (Cys48–Phe52).

Zinc coordination

To determine the Zn2+:protein stoichiometry, zf-HIT
was chemically modified at the cysteine residues by
p-hydroxy-mercuribenzoic acid (PHMB), and the
released Zn2+ was quantified using a metallochromic

indicator, 4-(2-pyridylazo) resorcinol (PAR) (Hunt et al.
1984, 1985). This modification released an amount of
Zn2+ corresponding to ;1.8-fold of the zf-HIT molecule
(data not shown). Thus, we concluded that zf-HIT binds
two Zn2+ ions tightly with its Cys residues. In addition,
zinc coordination by the seven Cys residues was confirmed
by the chemical shifts of their Cb atoms, which were
between 30.6 and 34.4 ppm, consistent with the sulfur
groups coordinating Zn2+ (Lee et al. 1992). Furthermore,
the 2D 1H–15N long-range HMQC spectrum (Pelton et al.
1993) of the 15N-labeled zf-HIT domain in the presence of
the Zn2+ ions clearly showed two of the 15N resonances,
corresponding to Ne2 of His45 shifted downfield as a result
of zinc coordination, indicating that this His residue is in
the e tautomeric state, with the Nd1 protonated.

The experiment described above showed that eight
amino acids, seven Cys and one His, are used in the
Zn2+ coordination, indicating that the zf-HIT domain
contains two Zn2+ ions. Correspondingly, the structural
calculation based on the NOE constraints (Supplemental
Table S1) revealed that Cys14, Cys17, Cys37, and Cys41
are clustered and oriented to coordinate one Zn2+ ion.
Similarly, Cys29, Cys32, Cys48, and His45 are in proximity

Figure 2. Two-dimensional 1H–15N HSQC spectrum of uniformly 13C/15N-labeled zf-HIT domain of ZNHIT2 (600 MHz, 298K,

protein concentration 1.1 mM in 20 mM phosphate buffer at pH 6.0, 100 mM NaCl). Amino acid assignments of each peak, according

to the correlation of the 1H–15N atoms of an amino acid, are shown. Horizontal lines identify side-chain NH2 groups of asparagine and

glutamine residues.

Solution structure of zf-HIT
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for another Zn2+ ion. Therefore, we decided to determine
the structure of this domain on the basis of the information
about the coordination of the two Zn2+ ions.

Structure calculation

The statistics regarding the quality and precision of the
final 20 energy-minimized conformers (Fig. 3A) that
represent the solution structure of the zf-HIT domain of
ZNHIT2 are summarized in Table 1. The structures are
well defined and show excellent agreement with the
experimental data. Among the 1355 cross-peaks that
had been identified in the 15N- and 13C-edited 3D
NOESY spectra, 99% were assigned by the program
CYANA2.1 (Güntert 2004). Almost 12.6 NOE distance
constraints per residue, including 171 long-range distance
constraints as well as the restraints for the coordination
with zinc ions (described in Materials and Methods), were
used in the final structure calculations with CYANA2.1
without hydrogen-bond constraints. The final structures
were further refined with AMBER9 (http://amber.scripps.
edu). The precision of the structure is characterized by
RMSD values to the mean coordinates of 0.19 Å for the
backbone and 0.76 Å for all heavy atoms, excluding the
unstructured regions at the chain termini of residues 1–11

and 49–59 (see Fig. 2A). Finally, the quality of the
structure is also reflected by the fact that 73.4% of
the (f,c) backbone torsion angle pairs were found in
the most favored regions, and 26.6% were within the ad-
ditionally allowed regions of the Ramachandran plot,
according to the program PROCHECK_NMR (Laskowski
et al. 1996).

Tertiary structure

The structure of zf-HIT comprises two consecutive b-
sheets structures followed by one short a-helix and a 310-
helix packed against the second b-sheet, and this bba310

structure forms the core of the zf-HIT fold (Fig. 3B).
There is no other regular secondary structure. The zf-HIT
domain of ZNHIT2 binds two zinc ions, using its seven
Cys and one His residues, in a cross-brace manner to form
a compact, globular fold, which resembles those of the B-
box, RING, and PHD domains. As mentioned above, the
first zinc-binding site is formed by Cys14, Cys17, Cys37,
and Cys41, and the second one is formd by Cys29, Cys32,
Cys48, and His45, respectively. These two zinc ions are
located ;12.5 Å apart in a cross-brace manner. Cys14
and Cys17 reside at the tip of the first b-sheet, while
Cys37 and Cys41 are located at the end of the fourth

Figure 3. Solution structure of the zf-HIT domain from ZNHIT2. (A) Stereoview of the ensemble of the 20 final energy-minimized

structures of the zf-HIT domain (residues 8–53). Secondary elements are colored in cyan, red, and magenta for b-strands, a-helix, and

310-helix, respectively. (B) Ribbon presentation of the zf-HIT domain (residues 8–53). The side chains of the residues coordinating the

zinc atoms and the zinc ions are shown in blue and yellow, respectively.
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b-strand and at the N-terminal end of the short a-helix,
respectively. Cys29 and Cys32 are located at the tip of the
second b-sheet structure, while His45 and Cys48 are on
the kinked a-helix (Fig. 3B). The tertiary structure of zf-
HIT contains the common structural features of the treble
clef domain including B-box, RING, and PHD domains.
We thus conclude that zf-HIT is a new member of the
treble clef domain family of zinc-binding domains.

The zf-HIT of protein FON is not a DNA-binding domain

To examine whether the zf-HIT domain is a DNA-binding
domain, we carried out an in vitro binding assay by the
surface plasmon resonance method, using double-
stranded cytomegalovirus promoter (CMV-TATA) oligo-
nucleotides (Fig. 4). The SANT and SWIRM domains of
MYSM1 were tested as positive and negative controls for
this DNA-binding experiment (Yoneyama et al. 2007).
The zf-HIT domain did not show DNA-binding activity
(Fig. 4). We also tested its DNA-binding activity using
two different (i.e., AT-rich and GC-rich) sequences of
double-stranded oligonucleotides, but we could not detect

any DNA-binding activity on the zf-HIT domain (data not
shown). Although the first helix of the zf-HIT domain
protrudes two arginine residues toward the outside, our
results suggest that the zf-HIT domain in protein FON is
not a DNA-binding domain.

Discussion

Sequence analysis of zf-HIT domain

A search of the Pfam database (Bateman et al. 2004)
revealed that the zf-HIT-containing proteins (total 121)
are mainly divided into three groups: 76.0% of the zf-HIT
proteins contain a single zf-HIT domain without any
other annotated domains; 12.4% have an additional
PAPA-1 homology sequence; and 11.6% have an addi-
tional DEAD-box helicase domain (hereafter denoted as
the first, second, and third subgroups, respectively).
ZNHIT2 and TRIP-3 belong to the first subgroup. A
sequence alignment of the zf-HIT domains (Fig. 1) and a
phylogenic analysis (from the Pfam database) showed
that they are also classified into three subgroups. Intrigu-
ingly, these subgroups from the phylogenic analysis also
correspond to the classification of zf-HIT-containing
proteins according to the domain organization pattern
described above.

A sequence alignment revealed the characteristic
amino acids in these subgroups. Seven Cys and one His
residues are well conserved, which facilitated the identi-
fication of the CCCC-CCHC motif in the first subgroup.
However, the Cys and His residues corresponding to the
fourth, seventh, and eighth positions are not conserved in
the second and third subgroups (Fig. 1). Therefore, it is
still unclear whether all of the Cys and His residues in the
first subgroup are involved in the coordination with zinc
ions. In the present study, the zf-HIT domain from
ZNHIT2, belonging to the first subgroup, binds two zinc
ions, and the region including the CCCC-CCHC motif
forms a compact fold and adopts the structure of a cross-
brace-type zinc finger domain. Whether the second and
third subgroups of zf-HIT domains bind one zinc ion will
be determined by further experiments. The results ob-
tained here indicated that, despite the previous general
annotation about the zf-HIT domain, the domains from
the second and third subgroups are distinct from that from
the first subgroup.

Besides the eight zinc-coordinating residues, several
other amino acids are either highly conserved or some-
what conserved in the zf-HIT domain. Tyr27 and Ser38
are highly conserved residues in zf-HIT domains. Hydro-
phobic amino acids corresponding to Phe16, Tyr27,
Tyr36, Leu39, and Tyr42 are well conserved (Fig. 5A).
Among them, Phe16 and Tyr36 constitute the structural
core of the fold; and Tyr27, Leu39, and Tyr42 are

Table 1. Statistics of the 20 final solution structures of the
zf-HIT1 domain in ZNHIT2 from Homo sapiens

NMR distance and dihedral constraints

Distance constraints

Total NOE 567

Intra-residue 117

Inter-residue

Sequential (|i � j| ¼ 1) 186

Medium-range (|i � j| < 4) 93

Long-range (|i � j| $ 5) 171

Zinc-related restraints (upper limit, lower limit) 27 3 2

f/c dihedral angle restraints (TALOS) 8 3 2

x1 7

CYANA target function (Å2) 0.081 6 0.01

Structure statistics

Residual NOE violations

Number > 0.10 Å 0

Maximum (Å) 0.06

Residual dihedral angle violations

Number > 2.5° 0

Maximum (°) 1.44

Energy

Mean AMBER energy (kcal/mol) �3091.67

Mean restraint violation energy (kcal/mol) 4.68

Ramachandran plot statistics (%)a

Residues in most favored regions 73.4

Residues in additional allowed regions 26.6

Residues in generously allowed regions 0.0

Residues in disallowed regions 0.0

Average pairwise RMSD (Å)b

Backbone 0.19

Heavy 0.76

a Values calculated with Glu9–Tyr53.
b Values calculated with Gly12–Cys48.

Solution structure of zf-HIT
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involved in the formation of the hydrophobic patch on the
back surface (Fig. 5B). In addition, the types of amino
acids located at the positions corresponding to Arg26
and Tyr42 are characteristic of the subgroups in zf-HIT:
mainly a positively charged amino acid for Arg26 and an
aromatic one for Tyr42 in the first and second subgroups,
and a negatively charged amino acid and a positively
charged one for these positions in the third subgroup. The
highly conserved Ser38, with its small size, may be
necessary to support the turn between the second b-sheet
and the central a-helix.

Consensus sequence analysis of the zf-HIT, MYND,
B-box, RING, and PHD domains

Zf-HIT belongs to the cross-brace zinc finger protein
family, including the B-box, RING, and PHD domains,
with the same interleaved zinc-binding mode. However,
the arrangements of the Cys and His ligand residues in the
two zinc-binding sites differ from each other. The MYND
domain is a conserved zinc-binding domain with two zinc
ions (Gross and McGinnis 1996; Spadaccini et al. 2006).
The alignment of the consensus sequences of the zf-HIT,
MYND, B-box, RING, and PHD fingers is shown in
Figure 6A. zf-HIT and MYND have the same CCCC (for
ZN1) and CCHC (for ZN2) motif; however, there are
CCHC-CCCC in the PHD finger, CCCH-CCCC in the

RING finger, and a rather different CCCC-CCHH type in
the B-box domain. It is worthwhile to point out that there
is an alternative Asp (D) for the fourth residue in the B-
box and His (H) for the fifth residue in the RING finger
for coordination with the zinc atom.

Comparison with other zinc-binding domains

The zf-HIT domain adopts a unique zinc-binding protein
fold resembling that of the members of the treble clef
domain family, such as the B-box, RING, and PHD fin-
gers. Dali searches (Holm and Sander 1995) failed to
yield any significant structural homologs. Although
MYND possesses the same CCCC-CCHC motif as zf-
HIT, a recent structural report of the MYND finger
revealed that the tertiary structure has two consecutive
zinc-binding sites resembling the LIM domain, but not
the cross-brace-type zinc finger (Spadaccini et al. 2006).
Therefore, we will focus on a comparison of the three-
dimensional structures of the representative B-box (2FFW)
(Massiah et al. 2006), RING (1CHC) (Barlow et al. 1994),
and PHD (2G6Q) (Pena et al. 2006) domains with that of the
zf-HIT domain (this study) (Figs. 6B,C and 7A–C).

These fingers all share some structural characteristics
within the bba core. However, the members from the
treble clef domain family are distinct from each other,
with unique three-dimensional characteristics. The most

Figure 4. DNA-binding assay with the zf-HIT domain. Binding of the indicated protein to the cytomegalovirus promoter (CMV-

TATA) DNA was monitored by a Biacore 3000 instrument. Each injection started at 60 and ended at 120 sec. The binding activity of

the proteins and the CMV-TATA DNA was indicated as the difference in the resonance units (RU) between the DNA-bound and

-unbound flow cells.
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obvious difference between the zf-HIT, B-box, RING,
and PHD fingers exists in the structure of the central a-
helices and the following region. Among them, the RING
finger usually has a longer a-helix than that in the zf-HIT

and B-box structures. However, the PHD finger has only
one turn for its central a-helix. In addition, the orientation
of the central a-helix against the central b-sheet in the
bba core is different in these fingers. RING domains
contain two highly conserved hydrophobic residues just
before the fifth and after the sixth zinc ligand residues
that construct the hydrophobic core of the structure. On
the other hand, PHD domains contain the absolutely
conserved aromatic residue at the two residues proceed-
ing to the seventh zinc ligand, which contacts within
the hydrophobic core. Correspondingly, the C-terminal
chains approach the second zinc-binding site from the
opposite direction between PHD and RING domains
(Dodd et al. 2004). In the case of the zf-HIT domain of
the protein FON, the highly conserved residues Phe16 and
Tyr36, which are located on the N-terminal zinc knuckle
of the b-hairpin and one residue preceding the fifth zinc
ligand residue, make the hydrophobic core hold the
architecture of the bba core, comprising the b3
(Tyr27–Cys29), b4 (Pro35–Tyr36), aA (Leu39–His45),
and aB (Thr47–Glu50) elements, and with the sand-
wiched second zinc ion, resembles that of the canonical
C2H2-type zinc finger exemplified by the fifth finger of
TFIIIA (Fig. 7D).

Other than the aforementioned domains from the treble
clef domain family, the Cys2 domain of PKCd (from
the pre-SCOP database, PDB ID: 1PTQ) (Fig. 7E; Zhang
et al. 1995) is similar to the zf-HIT domain with the
structural elements. However, in the Cys2 domain, the
zinc ligand corresponding to the seventh one in the zf-
HIT domain is missing. One zinc ligand from the N-
terminal before the second one, which corresponds to the
first zinc ligand in zf-HIT domain, takes the role of the
seventh one in the zf-HIT domain (Fig. 7E,F).

Features of the surface of the zf-HIT domain

The zf-HIT domain has several highly conserved residues
in addition to the zinc ligands. As mentioned in the se-
quence analysis of zf-HIT, the conserved residues Tyr27,
Leu39, and Tyr42 form the hydrophobic patch on the back
surface, implying the interaction with another molecule.
The front surface also has several large hydrophobic
patches; however, the hydrophobic residues Pro13,
Pro18, Ala19, Val22, and Pro24, which contribute to
them, are not conserved in zf-HIT (Fig. 1). Thus, the
hydrophobic patches on the front surface are not a general
feature of the zf-HIT domain.

The electrostatic surface of the zf-HIT domain contains
a few small, positively charged patches (Fig. 5B). Gen-
erally, it is hard for a small, positively charged patch to
interact with nucleic acids. Based on the surface analysis,
we hypothesize that the zf-HIT domain may function in
protein–protein interactions through its hydrophobic patch.

Figure 5. Presentation of ribbon diagrams, electrostatic surfaces, and

hydrophobic surfaces of zf-HIT, and potential and hydrophobic surfaces of

the PHD finger from ING2. (A) Side chains of the conserved hydrophobic

residues are shown in green (for aromatic residues F16, Y27, Y36, and

Y42) and cyan (for aliphatic residue L39). Side chains of all positively

charged residues (R26, R31, R40, and R43) are shown in red. (B)

Electrostatic surface presentation of the zf-HIT domain. The blue and

red colors represent positive and negative electrostatic surface potential,

respectively. (C) Hydrophobic surface presentation of the zf-HIT domain.

The green color represents the hydrophobic surface. (D) Electrostatic and

hydrophobic surfaces of the PHD finger of ING2. (A–C) The back surface

(right panel) is the 180° rotation of the front surface (left panel). (D) Both

the electrostatic potential and hydrophobic surfaces have a similar

orientation on the back surfaces in A, B, and C.

Solution structure of zf-HIT
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Implications for the function of the zf-HIT domain

The present study revealed a novel zinc finger HIT
domain as a new member of the treble clef domain
family. Noting a certain similarity to the zf-C2H2 domain
(Fig. 7D), which has multiple modes of DNA and RNA
recognition (Lu et al. 2003; Hall 2005), we tested whether
the zf-HIT domain could bind to nucleic acids. Our
experiment demonstrated that the zf-HIT domain of
protein FON is not a DNA-binding domain (Fig. 4). Also
the preliminary 1H–15N chemical shift perturbation
experiments did not detect any interaction with single-
stranded poly-uridine and poly-adenine RNA sequences
(data not shown). These NMR titration experiments
suggest that the zf-HIT domain may not be an RNA-
binding domain.

Our studies suggest that the zf-HIT domain presents a
hydrophobic patch formed by the conserved residues
Tyr27, Leu39, and Tyr42 (Fig. 5B,C). In the case of the
PHD finger of ING2, the aromatic cage on the surface
recognizes the trimethylated Lys4 residue in the histone
3 tail specifically (Fig. 5B–D; Pena et al. 2006). Thus, we
tested whether the zf-HIT domain also has a similar

histone-tail-binding activity like that of the PHD domain.
We performed the binding experiment of the first 20
amino acids with trimethylated K4 of the histone H3 on
the zf-HIT domain with a Biacore 3000 instrument. Our
results (data not shown) show that the zf-HIT domain of
protein FON does not bind the histone H3 tail.

In summary, the present study revealed that the zf-HIT
domain is a new treble clef domain and binds two zinc
atoms in a compact bba core, which shares some struc-
tural similarities with the B-box, RING, and PHD domain
structures. At the present time, the function of the novel
zf-HIT domain is still unclear, and more functional
analyses are necessary to elucidate the role of the zf-HIT
domain. This structural study will provide guidelines for
the functional analysis of the zf-HIT domain.

Materials and Methods

Protein sample

For the structure determination, a single 1.1 mM uniformly 13C-
and 15N-labeled sample was prepared in 20 mM phosphate
buffer at pH 6.0, 100 mM NaCl, 1 mM dithiothreitol, and 0.02%

Figure 6. Comparison of the cross-brace zinc-binding folds. (A) Alignment of the consensus sequences for the zf-HIT, MYND, B-box,

RING, and PHD domains. (B) Schematic presentation of the cross-braced zinc-binding pattern and secondary structure elements in

the zf-HIT, B-box, RING, and PHD domains. (C) Ribbon presentation of the zf-HIT (this study), B-box (2FFW), RING (1CHC), and

PHD (2G6Q) domains. The a-helix is colored red and the 310 helix is magenta. The b-sheet is colored cyan. The side chains of the

coordinating residues are shown as blue stick models and the zinc atoms are yellow spheres.
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NaN3, with the addition of D2O to 10% (v/v), using the cell-free
protein synthesis system (Kigawa et al. 2004). The engineered
protein sample used for the NMR measurements comprised 46
amino acid residues from zf-HIT and the first seven and last six
residues of tags, and is numbered 1–59 throughout this paper.
The domain is surrounded by nonnative flanking sequences (N-
terminal GSSGSSG and C-terminal PSGSSG) that are related to
the expression and purification system.

Determination of the number of zinc ions

Experiments were performed in 20 mM Tris-HCl (pH 8.0),
200 mM NaCl, 5 mM ZnCl2, and 1 mM iminodiacetic acid (IDA).
The protein concentration was determined from the peak volume
of gel filtration chromatography (l ¼ 215 nm), using a bovine
serum albumin solution as a standard. The free zinc concen-
tration was determined from the absorbance of 50 mM 4-(2-
pyridylazo) resorcinol (PAR) at 500 nm. The cysteine residues
were modified by 250 mM p-hydroxy-mercuribenzoic acid
(PHMB) in a 2.2 mM sample, followed by a 30-min incubation
at room temperature. The amount of zinc bound to the sample
was determined by measuring the increase of free zinc released
by the PHMB modification. The zinc:protein stoichiometry was
estimated from the ratio between the amount of released zinc
and the protein.

NMR spectroscopy and resonance assignments

Standard triple resonance NMR experiments were recorded with
the uniformly 13C-/15N-labeled sample, for the determination of
the sequence-specific backbone and side-chain chemical shift
assignments. For the collection of conformational constraints,
3D 15N- and 13C-edited NOESY-HSQC spectra were recorded
with an 80-msec mixing time. NMR experiments were per-
formed at 25°C on Bruker DRX 600 and Bruker AVANCE

800 spectrometers equipped with an xyz-pulse field gradient.
The 1H, 15N, and 13C chemical shifts were referenced relative to
the frequency of the 2H lock resonance of water, which was
referenced through the magnetogyric ratios by external calibra-
tion on DSS.

Water suppression was achieved either by selective presatu-
ration or by including a WATERGATE module (Piotto et al.
1992) in the original pulse sequences prior to the acquisition.
The tautomeric state of the histidine ring was determined with a
2D heteronuclear multiple quantum coherence (1H–15N HMQC)
experiment optimized for histidine side chains (Pelton et al.
1993). The raw NMR data were processed with the NMRPipe
program (Delaglio et al. 1995). The NMRView program (Johnson
and Blevins 1994) was used for interactive spectrum analysis.

Structure calculations

Peak lists for the NOESY spectra were generated by interactive
peak picking, and peak volumes were determined by the
automatic integration function of NMRView (Johnson and
Blevins 1994). The three-dimensional structure was determined
by combined automated NOESY cross-peak assignment (Herrmann
et al. 2002) and structure calculation with torsion angle dynamics
(Güntert et al. 1997) implemented in the CYANA program
(Güntert 2004). The standard CYANA protocol of seven iterative
cycles of NOE assignment and structure calculation, followed by a
final structure calculation, was applied. In each cycle, the structure
calculation started from 100 randomized conformers, and the
standard CYANA simulated annealing schedule (Güntert et al.
1997) was used with 30,000 torsion angle dynamics steps per
conformer. Initial rounds of calculations with only NOE restraints
defined the general fold of the domain and revealed the zinc
coordination. In the final refinement stage, distance restraints
were added for Zn-Sg (2.25–2.35 Å) and Zn-Ne2 (1.95–2.05 Å)
(Summers et al. 1992; Wang et al. 2003) and for the bonds
between the four zinc coordinating atoms, to ensure tetrahedral

Figure 7. Superposition of the ZNHIT2 zf-HIT domain with the known domain structures of (A) the B-box (2FFW), (B) RING

(1CHC), (C) PHD (2G6Q), (D) C2H2 (1UN6, finger5 of TFIIIA), and (F) cys2 domain of PKCd (1PTQ). In each case, the zf-HIT

domain is colored as in its ribbon diagram in Figure 3; the B-box, RING, PHD, C2H2 and cys2 domains are colored green, yellow, blue,

orange, and purple, respectively. (E) Ribbon diagram of the cys2 domain of PKCd. The side chains of the coordinating residues are

shown in stick models (blue). Zinc ions are presented by yellow spheres.
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zinc coordination geometry. The 20 structures from CYANA
calculation were further refined with AMBER9 (http://amber.
scripps.edu) using the Generalized Born (GB) model (Xia et al.
2002) to get the final structures. During AMBER calculations,
distance and dihedral angles were applied with force constants of
32 kcal/mol�1Å and 250 kcal/mol�1 rad2, respectively. The zinc
coordination was restrained to be tetrahedral with lower and
upper limits with force constants of 500 kcal/mol�1Å�1. PRO-
CHECK_NMR (Laskowski et al. 1996) was used to validate the
final structures. Structural figures were prepared with the MOL-
MOL program (Koradi et al. 1996).

DNA-binding assay

The DNA-binding assay was carried out on a Biacore 3000
instrument using streptavidin sensor chips (Biacore). Biotin-
labeled oligonucleotides (CMV-TATA: Biotin-59-TGGGAGGT
CTATATAAGCAGAGCTCG-39) were annealed with the com-
plementary unlabeled oligonucleotides in a buffer containing
100 mM sodium chloride. Approximately 500 resonance units of
the double-stranded oligonucleotides were immobilized to the
sensor chip, using HBS-N buffer (10 mM HEPES buffer at pH
7.4 containing 150 mM sodium chloride). The indicated proteins
were loaded for 1 min at a 20 mL/min flow rate onto the
oligonucleotide-immobilized sensor chip, and the flow was
continued for 10 min. Control surfaces with no oligonucleotide
attached were used to correct for refractive index differences
between the protein solution and the buffer. The results were
analyzed using the BIAevaluation 4.1 software.

Protein Data Bank (PDB) accession number

The 20 conformers energy-minimized by AMBER9 of ZNHIT2
(residues 1–59) have been deposited in the Protein Data Bank
(PDB entry 1X4S).
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