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by Structural Analysis of the Oncoprotein ZNF217*
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Background: Classical zinc finger proteins are extremely abundant and interact with DNA using a well defined recognition

code.

Results: We solved the structure of ZNF217 bound to its cognate DNA.
Conclusion: ZNF217 presents a unique DNA interaction pattern including a new type of protein-DNA contact.
Significance: This study deepens our understanding of DNA recognition by classical zinc fingers.

Classical zinc fingers (ZFs) are one of the most abundant and
best characterized DNA-binding domains. Typically, tandem
arrays of three or more ZFs bind DNA target sequences with
high affinity and specificity, and the mode of DNA recognition is
sufficiently well understood that tailor-made ZF-based DNA-
binding proteins can be engineered. We have shown previously
that a two-zinc finger unit found in the transcriptional coregu-
lator ZNF217 recognizes DNA but with an affinity and specific-
ity that is lower than other ZF arrays. To investigate the basis for
these differences, we determined the structure of a ZNF217-
DNA complex. We show that although the overall position of
the ZFs on the DNA closely resembles that observed for other
ZFs, the side-chain interaction pattern differs substantially
from the canonical model. The structure also reveals the pres-
ence of two methyl-7 interactions, each featuring a tyrosine
contacting a thymine methyl group. To our knowledge, interac-
tions of this type have not previously been described in classical
ZF-DNA complexes. Finally, we investigated the sequence spec-
ificity of this two-ZF unit and discuss how ZNF217 might dis-
criminate its target DNA sites in the cell.

Zinc finger (ZF)? proteins are one of the largest superfami-
lies of proteins in mammals and are also widespread in other
phyla. ZFs are small domains (usually less than ~100 amino
acids) characterized by the presence of one or more zinc ions
that stabilize(s) the fold. Many different structural classes of ZF
have been discovered, and different classes can have similar or
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unrelated functions (1). Their classification is based on their
three-dimensional structure and the identity and spacing of the
residues (typically cysteine and histidine, and occasionally
other residues) that coordinate the zinc ion(s) (2-5). Several
structurally distinct classes of ZF are able to act as nucleic acid-
binding modules, including GATA-type ZFs (6), steroid
hormone receptor ZFs (7), Gal4-type ZFs (8, 9), which bind
double-stranded DNA, and tristetraprolin (TTP) family (10),
RanBP2-type (11), and nucleocapsid (12) ZFs, which bind RNA.

By far the most abundant ZF domain, however, is the classi-
calor C,H, ZF, which is defined bya CX, ,CX,,HX,  H motif.
Classical ZFs were the first discovered class of ZF (13) and are
found in more than 700 human proteins (14), many of which
harbor multiple ZF domains (up to 30 or more in some
instances). In the majority of cases in which there are experi-
mental data on classical ZFs, these domains are found in tran-
scriptional regulatory proteins and act as sequence-specific
DNA-binding modules, appearing in arrays of three of more
domains in which each member contacts three base pairs of
double-stranded DNA (15-17). Typically, these arrays bind
promoter elements with dissociation constants in the nanomo-
lar range, allowing associated transcriptional activation or
repression domains to be targeted to the gene.

Several three-dimensional structures of ZF-DNA complexes
have been determined (15-22), and these structures reveal a
number of commonalities that have elicited talk of a recogni-
tion “code” for ZF-DNA interactions (23). Although a robust
code has yet to be identified, some principles have emerged; the
domains (which comprise a small B-hairpin and a single a-he-
lix) insert the N-terminal end of their a-helix into the major
groove of DNA, and typically 3—4 amino acid side chains in the
helix make direct contacts with either the bases or the backbone
of the DNA. Residues in the +2-, +3-, and +6-positions of
the helix, together with the residue immediately preceding the
helix (the —1-position), are most frequently found to make
sequence-specific contacts (Fig. 1A and supplemental Fig. 1),
whereas residues in the B-hairpin and in the conserved inter-
domain linker often make nonspecific electrostatic interactions
with the phosphodiester backbone. In fact, the relatively con-
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FIGURE 1. Sequence-specific base contacts in classical ZNF-DNA complexes. A, the canonical model derived from consideration of the known ZF-DNA
structures. B,ZNF217_F67 (Protein Data Bank (PDB) ID: 4151, this work). C, TRAMTRACK (PDB ID: 2DRP) (18). D, Zif268 (PDB ID: TAAY) (15). In the canonical model,
the sequence-specific contacts are made from side chains located at key positions —1, +2, +3 and +6 along the a-helix. Base-specific protein-DNA interactions

are represented by black arrows.

served nature of these interactions, together with the robust-
ness of the fold and the modularity of the interactions, have led
to the creation of designer DNA-binding ZF proteins capable of
delivering an associated activation, repression, or nuclease
domain to a chosen genomic site (24 -27).

Despite these successes and the apparently well understood
DNA binding properties of classical ZF domains, a number of
questions remain. For example, several ZFs have been shown to
act as protein recognition modules (28) or to bind to RNA (29,
30) rather than (or as well as) DNA, and currently we have no
clear means by which to distinguish these different functional
classes of ZF. Although DNA-binding ZFs tend to occur in clus-
ters of three or more modules, there are hundreds of classical
ZFs in the human genome that are found either as single iso-
lated domains or as pairs, and the likelihood that these domains
bind DNA is not known. Similarly, a significant number of pro-
teins contain multiple ZF clusters distributed across a large
amount of sequence, and the reasons underlying the presence
of so many ZFs in a single protein are currently obscure.

ZNF217 is an ~1000-residue protein that has been identified
as a candidate oncoprotein. High levels of ZNF217 are associ-
ated with a poor prognosis in breast cancer (31), and overex-
pression of the ZNF217 gene in human mammary epithelial
cells immortalizes those cells (32). ZNF217 contains seven pre-
dicted classical ZFs, found in two clusters in the N-terminal half
of the protein. Although nothing is known about the function of
the first cluster of five ZFs, a recent study demonstrated that the
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cluster comprising ZFs 6 and 7 (ZNF217_F67) can bind to dou-
ble-stranded DNA (33). A site selection experiment identified
the consensus sequence CAGAAY as the preferred in vitro rec-
ognition site for ZNF217_F67.

Subsequently, we identified an extended version of this con-
sensus sequence to which stronger binding was observed in gel
shifts: namely (T/A)(G/A)CAGAA(T/G/C) (34). Transient
transfection experiments in which this sequence was incorpo-
rated into a promoter region showed that ZNF217 could act as
a transcriptional repressor and that the activity was dependent
on the structural integrity of the F67 unit. Surprisingly, we also
observed that in vitro, the affinity of ZNF217_F67 for DNA was
reduced by only 2-fold when the consensus sequence was
extensively mutated, suggesting that this double ZF domain
might have relatively low DNA binding specificity when com-
pared with other transcriptional regulators that directly contact
DNA.

To understand the basis for these observations, we have
determined the three-dimensional structure of a ZNF217_F67-
DNA complex by x-ray crystallography. Our data show that
ZNF217 displays both similarities and significant differences
from other ZF domains in the mechanism by which it recog-
nizes DNA, making several base-specific contacts with DNA
that have not previously been observed in classical ZF-DNA
complexes. ZNF217 has an affinity of 25 nm for its target
DNA site, and in solution, we also observed the formation of a
lower affinity nonspecific complex between ZNF217_F67 and
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DNA at lower ionic strength. A combination of calorimetric
and NMR data indicate that although this nonspecific complex
involves the canonical DNA-binding surface of the protein, it is
“looser” in nature, displaying less favorable bonding interac-
tions. Interactions of this type might well play a role in the DNA
recognition process in vivo for ZNF217 and other ZF proteins.

EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant ZNF217 F67—
A construct encoding F67 of human ZNF217 (amino acids 467—
523) was cloned into pMALC2 and pGEX2T vectors to allow
the expression of MBP and GST fusion proteins, respectively.
The MBP construct was expressed in Escherichia coli Rosetta2
cells overnight at 25 °C following the addition of 0.7 mm isopro-
pyl-1-thio-B-p-galactopyranoside and 1 um ZnSO, to the log
phase culture. Expression of the GST fusion construct was
induced overnight at 22 °C by the addition of 0.4 mM isopropyl-
1-thio-B-p-galactopyranoside to E.coli BL21 cells supple-
mented with 1 um ZnSO,,. Cells were lysed in a buffer contain-
ing 50 mm Tris-HCI (pH 8), 1 m NaCl, 1 mm DTT, and 1 mm
PMSF. MBP and GST fusion proteins were recovered from the
soluble fraction and purified by affinity chromatography. The
fusion tags were cleaved using thrombin (3 h at room temper-
ature) in 50 mm Tris (pH 8), 1 m NaCl, 10 mm CaCl,, and 1 mm
DTT. F67 was then dialyzed into 50 mm Tris (pH 7), 1 mm DTT
and further purified by cation-exchange chromatography
(UnoS1, Bio-Rad). The construct identity and correct folding of
F67 were confirmed by DNA sequencing and one-dimensional
'H NMR spectroscopy, respectively. '°>N-labeled ZNF217_F67
was prepared following the procedure of Cai et al. (35) and
purified as described above.

Design and Preparation of the Oligonucleotides Used in the
Crystallization Trials—Three different double-stranded oligo-
nucleotides, containing either one or two copies of the 8-bp
consensus sequence TGCAGAAT, were used in efforts to crys-
tallize a ZNF217_F67-DNA complex. All oligonucleotides were
20 residues in length with two complementary overhang nucle-
otides at the 5" extremities of each strand. The first set of oli-
gonucleotides contains two binding sites running in the same
direction (forward, 5'-TTTGCAGAATCGTGCAGAAT-3';
reverse, 5'-ACGTCTTAGCACGTCTTAAA-3"). The second
contains two binding sites running in opposite directions
(forward, 5 -TTTGCAGAATCGATTCTGCA-3’; reverse,
5'-ACGTCTTAGCTAAGACGTAA-3'). The last contains a
single binding site (forward, 5'-TTTCCATTGCAGAATT-
GTGG-3'; reverse, 3'-AGGTAACGTCTTAACACCAA-5").
ssDNA oligonucleotides were purchased from Sigma and
heated at 95 °C for 15 min in a 50 mm Tris-HCI (pH 7.4) buffer
containing 150 mm NaCl. Oligonucleotides were then annealed
at room temperature overnight and purified by size exclusion
chromatography (Sephadex-75, GE Healthcare).

Crystallization and Data Collection—Purified ZNF217_F67
and the different DNA duplexes were dialyzed in 20 mm Tris
(pH 7), 50 mm NaCl. and 1 mm DTT before being mixed
together (ZNF217_F67-DNA, 1:0.6 with the DNA duplexes
that carried two binding sites and 1:1.2 with the oligonucleotide
that contained a single site). The final protein concentration
was 10 mg/ml. Initial crystallization trials were set up at 298 K
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as vapor diffusion hanging drops using a Mosquito robot
(Molecular Dimensions) by mixing 400 nl of sample solution
and 400 nl of reservoir solution and placing the resultant drop
over 80 ul of reservoir solution in flat-bottom 96-well PS micro-
plates (Greiner Bio-One). JSGC+ and PACT (Qiagen) screens
were trialed. Large crystals in two different space groups were
obtained with the oligonucleotide containing two binding sites
running in opposite directions. Crystals in space group P6,22
grew in the presence of 200 mm sodium acetate (pH 7), and 20%
(w/v) polyethylene glycol (PEG) 3350 precipitant solution.
Crystals in space group C2 grew in 100 mM MES (pH 6), 10 mm
zinc chloride, and 20% (v/v) PEG 6000. Diffraction data were
recorded on a mar345 image plate detector (Marresearch)
using x-rays produced by a Rigaku RU200H rotating-anode
generator (CuKa) focused with Osmic mirrors (MSC Rigaku).
The diffraction data were integrated and scaled with HKL-2000
(36).

Solution and Refinement of the Crystal Structures—Phases
for the P6,22 crystal form were determined using the SIRAS
technique with a lead derivative. Crystals were soaked for 2 h in
crystallization buffer containing 10 mm trimethyl lead, and a
3.0-A data set was collected. SIRAS phasing was realized using
AutoSol (37), which identified two lead atoms and resulted in a
mean figure of merit after density modification of 0.69. The
resulting electron density was of sufficient quality to allow
building of the oligonucleotide and peptide backbone. Succes-
sive rounds of model building were carried out using Coot (38),
and refinement utilized REFMACS5 (39). Combined TLS (trans-
lation/libration/screw) and individual atomic displacement
parameter refinement were also carried out in the final stages.
The C2 crystal form phase was solved by molecular replace-
ment with the P6,22 model using PHASER (40). Model build-
ing and refinement were performed similarly to that described
for the P6,22 form. Four additional zinc ions were identified in
the asymmetric unit. Due to their absence in the P6,22 crystal
form and their location on the surface of the protein-nucleic
acid complex, we attribute these atoms to the presence of 10
mM ZnCl, in the crystallization solution.

Fluorescence Anisotropy Titrations—Cleaved or GST-tagged
ZNF217_F67 and 5'-fluorescein-labeled dsDNA oligonucleo-
tides (WT sequence forward, 5'-FI- TCCATTGCAGAATT-
GTGG-3'; mutated sequence, forward, 5'-FI-TCCATCTG-
GAGTATGTGG-3’; poly(A), forward, 5'-F1-(A),5-3'; the bold
sequences correspond to the 8 bp consensus sequence and its
mutated version recognized by ZNF217) were dialyzed into a 10
mwm phosphate buffer, pH 7, containing 50 mm NaCl and 1 mm
DTT. Fluorescence anisotropy titrations were performed at
25 °C on a Cary Eclipse fluorescence spectrophotometer with a
slit width of 10 nm, and data were averaged over 15 s. The
excitation and detection wavelengths were 495 and 520 nm,
respectively. In each titration, the fluorescence anisotropy of a
solution of 50 nMm fluorescein-tagged dsDNA was measured as a
function of the added protein concentration. Binding data were
fitted to a simple 1:1 binding model by nonlinear least squares
regression. Each titration was performed three times, and the
final affinity was taken as the mean of these measurements.

Isothermal Titration Calorimetry (ITC)—ZNF217_F67 and
the two DNA duplexes (see above) were dialyzed overnight
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against the same reservoir of buffer containing 10 mm Tris
buffer, pH 7.0, 50 mm NaCl, and 1 mm tris(2-carboxyethyl)-
phosphine. Titrations were also carried out at 150 mm NaCl.
ZNF217_F67 (200 uMm) was titrated into DNA (20 wMm). Titra-
tions were carried out on a MicroCal i200 ITC microcalorim-
eter (GE Healthcare) at 25 °C. For each titration, an initial injec-
tion of 0.2 ul (data from which were discarded) and 20
injections of 2 ul of titrant were made at 120-s intervals. Data
were corrected for heats of dilution from control experiments
of the protein into buffer and analyzed using Origin7.0 (Micro-
Cal Software, Northampton, MA).

The two-binding-event titration curve observed for the
ZNF217 binding to the specific DNA sequence could not be
fitted with confidence using a two-site model because the error
associated with this fit was above 100%. We therefore made the
assumption that the second, low affinity binding event was
identical to the single binding event observed during the titra-
tion of the mutated sequence. Using this assumption, we sub-
tracted from the first titration the data points observed for the
latter titration and could then fit the remaining data to a single
binding event with an associated error under 20%. The derived
dissociation constant for the tight interaction was indistin-
guishable from that obtained with the two-site model, except
that the uncertainty in the fit was substantially lower for the
single-site fit.

NMR Spectroscopy—For >N HSQC chemical shift perturba-
tion experiments, purified '*N-labeled ZNF217_F67 and the
different dsDNA oligonucleotides were extensively dialyzed
into a buffer comprising 10 mm Na,HPO, (pH 7.0), 50 mm
NaCl, and 1 mm DTT and were concentrated to ~300 um. All
NMR samples contained 5-10% D,O and 10 um 2,2-dimethyl-
2-silapentane-5-sulfonic acid as a chemical shift reference. All
experiments were run at 298 K on either a 600-MHz or an
800-MHz Bruker Avancelll spectrometer equipped with a
cryoprobe. "N HSQC spectra were recorded for the
ZNF217_F67 alone and following the addition of 0.1, 0.2, 0.3,
0.4,0.5,0.6,0.8, 1, 1.2, and 1.5 molar eq of either wild type (WT)
or nonspecific DNA. The interaction between ZNF217_F67
and nonspecific DNA was in fast exchange, allowing straight-
forward resonance assignment from the titration data. NOESY
spectra were also recorded to confirm these assignments. NMR
data were processed using Topspin (Bruker, Karlsruhe, Ger-
many) and analyzed with SPARKY (76).

RESULTS

Overall Arrangement of the ZNF217-DNA Complex—To
understand the DNA binding activity of the F67 double-ZF
module of ZNF217, we set up crystallization trials with a
recombinant protein containing residues 467-523 of human
ZNF217 and several different dsDNA oligonucleotides. Each
DNA fragment contained either one or two copies of the 8-bp
sequence TGCAGAAT, derived from published systematic
evolution of ligands by exponential enrichment (SELEX) data
(33); we call this sequence WT DNA. Crystals were obtained
with all the tested DNA fragments, but the biggest crystals with
optimum diffraction were obtained for the oligonucleotide
containing two binding sites running in opposite directions.
The rationale for this approach to oligonucleotide design was
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that the consequent creation of a two-fold symmetry axis
within the oligonucleotide and also within the protein-DNA
complex might improve the likelihood of crystallization. Data
were collected for two crystals that belonged to different space
groups: P6,22 and C2; these crystals diffracted to 2.6 and 2.1 A,
respectively. Phases for the P6,22 form were obtained by SIRAS
phasing using a heavy atom derivative created by soaking a crys-
tal in trimethyl lead acetate, and a model was built. Phases for
the second crystal form were obtained by molecular replace-
ment using the model built from the P6,22 crystal form. The
Ry of the final model (of the C2 form) is 22.4%, and the Ry,
is 25.6%. All residues were visible in the final electron density
except for the N-terminal residues Gly-467—Ser-470 and C-ter-
minal Lys-523, presumably due to disorder. All backbone ¢ and
y angle values are located within allowed regions of the Ram-
achandran plot, and the statistics of data collection and refine-
ment are given in Table 1.

In both structures, two protein molecules were found bound
to a single double-stranded DNA oligonucleotide. However, in
the P6,22 crystal form, the inherent symmetry of this complex
required only one of the protein molecules and one DNA strand
to be built as the remaining DNA strand and protein molecule
were generated by a crystallographic two-fold symmetry axis. It
is also notable that the two copies of the protein-DNA complex
in the C2 form are highly similar but not identical (r.m.s.d. =
0.37 A over all heavy atoms), indicating that small distortions
occurred due to crystal packing. However, no differences were
observed in the protein-DNA contacts.

Fig. 2A shows the structure of the C2 crystal form with two
protein molecules bound per DNA fragment, as anticipated.
The protein-DNA interactions are indistinguishable in the two
crystal forms, and the only significant difference is that the
DNA in the P6.,22 form is bent by ~24° midway between the
two protein-DNA interaction sites (supplemental Fig. 2).
Because all protein-DNA contacts were identical in the two
structures, we focus here on the C2 form.

Both F6 and F7 adopt the canonical BBa ZF fold, with a small
B-hairpin packed against a a-helix and a single zinc ion coordi-
nated by the side chains of two cysteine and two histidine resi-
dues. The two domains insert the N-terminal end of their a-he-
lix into the DNA major groove, and the overall orientation of
each domain relative to the DNA is essentially indistinguishable
from other ZF-DNA complexes. An overlay of the complex
with the Zif268-DNA complex (using ZFs 2 and 3 of Zif268),
with which ZNF217_F67 shares 34% sequence identity, has an
r.m.s.d. over all heavy atoms of 1.3 A (Fig. 2, B and C).

ZNF217 Makes Noncanonical Interactions with DNA,
Including a Methyl- Interaction—Two sequence-specific con-
tacts with DNA are made by ZNF217_F6 (Fig. 3A). The guani-
dinium group of Arg-481, which is in the —2-position of the
a-helix, makes a double hydrogen bond with O6 and N7 of G18.
More surprisingly, the face of the hydrophobic ring of Tyr-485
is positioned 3.7 A away from the methyl group of T17, making
a methyl-7 interaction. Interactions of this type occur in a
number of protein-nucleic acid complexes, but to our knowl-
edge, this DNA recognition strategy has not been described for
classical ZF domains. In addition to these base-specific interac-
tions, the side chains of Tyr-484, Tyr-485, and Thr-492 all make
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TABLE 1

Crystallographic data collection and refinement statistics for the ZNF217-DNA complex

Pb indicates lead derivative.

6,22 (PDB ID:4F2])

P6.22-2 Pb C2 (PDB ID: 41S1)

Data collection and processing
X-ray source

Rotating anode

Rotating anode Rotating anode

Wavelength (A) . 1.5418 1.5418 1.5418
Resolution range (A) 48.31-2.64 50.00-3.04 15.0-2.10
Highest resolution shells 2.68-2.64 3.09-3.04 2.14-2.10
Space group P6,22 P6,22 C2
Unit cell parameters
a (A) 56.93 56.54 124.67
b (A) 56.93 56.54 40.98
c(A) 242.54 243.02 52.04
a () 90 90 90
B () 90 90 97.21
v ) 120 120 90
Matthews coefficient (A Da™ 1) 4.73 4.73 2.71
Solvent content (%) 74 74 54
No. of complexes per asymmetric unit 0.5 0.5 1
Total reflections 81,911 (2100) 45,782 (2246) 123,593 (6067)
Unique reflections 7517 (344) 8287 (416) 15,360 (768)
Completeness (%) 98.5 (95.0) 98.4:(99.8) 99.9 (100.0)
Redundancy 10.9 (6.1) 5.5(5.4) 8.0(7.9)
Roperge (%)° 9.1(18.8) 8.8 (76.4) 8.6 (89.9)
Average I/o(1) 28.6 (3.6) 16.6 (2.2) 13.8 (2.2)
Phasing
f' —4.82
' 8.51
Phasing power (centric/acentric) 0.68/0.78
Figure of merit after AutoSol 0.69
Structural refinement
Reflections (total) 7467 15,288
Reflections (test set) 344 769
Ry (%) 252 239
Rpee (%)? ) 26.4 26.2
Coordinate error (A) ) 0.33 0.24
r.m.s.d. from ideal bonds/angles (A/degree) 0.016/2.3 0.010/1.4
No. of atoms 857 1791
Protein 451 920
DNA 406 814
Ligand/ion 0 57
Mean B-factor (A?) 96.5 54.6
Protein 102.4 56.8
DNA 90.0 52.0
Ligand/ion NA® 56.8
Ramachandran statistics (%)
Favored 96 99
Allowed 100 100
Disallowed 0 0

“ Highest resolution shell data.

b Riperge = 100 X 3, S\(h) — b()N|/Z,, I(h), where I,(h) is the ith measurement of the h reflection and b,(h)N is the average value of the reflection intensity.

¢ Rcryst
@ Reree 18 R, ys 0n 5% of the test set structure factors.
¢NA, not applicable.

electrostatic interactions with the sugar-phosphate backbone
(Fig. 34).

The interaction of F7 with DNA is stabilized by four
sequence-specific interactions, as shown in Fig. 3B. The side-
chain carbonyl group of GIn-510 forms a hydrogen bond with
N7 of C4, whereas the hydroxyl group of Thr-512 hydrogen-
bonds to O7 of G7. The two other sequence-specific contacts
involve the aromatic ring of Tyr-516, which forms a second
methyl-7 interaction with the methyl group of T14 and also a
van der Waals contact with the C8H of A13. An additional
interaction between the hydroxyl group of Tyr-506 and the sug-
ar-phosphate DNA backbone is also observed.

ZNF217 Recognizes Its Cognate DNA Sequence Using a
Unique Interaction Pattern When Compared with Other Clas-
sical ZNFs—The overall pattern of sequence-specific interac-
tions observed between ZNF217 F67 and DNA is summarized
in Fig. 1B and compared with the canonical interaction pattern

10620 JOURNAL OF BIOLOGICAL CHEMISTRY

=100 X Z||F,| — |FJ/Z|F,|, where F, and F, are the structure factor amplitudes from the data and the model, respectively.

observed for ZF proteins such as Zif268 (Fig. 1, A and D). Sup-
plemental Fig. 1 shows the patterns observed for the solved
structures of a number of classical ZNF-DNA complexes.
Although ZNF217 and Zif268 ZFs are positioned in the DNA
major groove in the same overall manner (including sharing the
same conformation for the inter-ZF linker), the pattern of
interacting side chains and the base positions involved in DNA
binding are significantly different. The simple pattern of base-
specific contacts observed for Zif268 involves residues at posi-
tions —1, +2, +3, and +6 of the recognition helix. The residue
at position +6 contacts the 5’ base (of the three typically rec-
ognized by a single ZF) on the “noncoding” strand, the residue
at position +3 contacts the central base, and the residue at
position —1 contacts the 3’ base. The residue at position +2
often contacts the 5'-flanking base on the coding strand, giving
rise to some overlap in the recognition of each 3-bp motif. This
simple pattern breaks down in the ZNF217 complex; only two
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canonical DNA contacts are observed for ZNF217 (in terms of
which helix position interacts with which base position in the
target DNA). Indeed, when compared with all the known struc-
tures of natural classical ZF-DNA complexes, ZNF217 presents
the lowest similarity with the canonical model in the way that it
contacts DNA. Taken together with the unusual Tyr-base
interactions, these data extend the scope of interactions that
can be made by classical ZFs.

ZNF217 F67 Is a Sequence-specific DNA-binding Module—
In previous work, we assessed the DNA binding affinity and

FIGURE 2. Structure of ZNF217_F67 in complex with a 20-bp oligonucleo-
tide obtained from the C2 crystal form. A, ribbon diagram of the two DNA-
bound protein molecules. The PDB code for the structure is 4IS1. B and
G, structural alignment of ZNF217_F67 (magenta) and zinc fingers 2 and 3
from the Zif268-DNA complex (cyan) complexed to DNA (PDB 1AAY (75)). The
alignment was made over all heavy atoms. Two views are shown.

A

Structure of ZNF217 Bound to DNA

specificity of ZNF217_F67 using fluorescence anisotropy meas-
urements (34). Our measurements indicated that a GST fusion
of ZNF217_F67 recognizes the WT DNA sequence with a rel-
atively low affinity (K, = 130 nm). Even more surprisingly, the
affinity was reduced by only 2.5-fold when the core recognition
sequence was extensively mutated (from TGCAGAAT to
CTGGAGTA) (34). A similar affinity was observed for binding
to a poly(AT) sequence (supplemental Fig. 3). These unusual
observations prompted us to further examine the sequence
specificity of ZNF217_F67 DNA binding.

Because all previous measurements had been made using
GST-F67, which is known to dimerize at micromolar concen-
trations (41), we remeasured the affinities by fluorescence an-
isotropy using the isolated F67 module. Removal of the GST
tag induced a 40-fold decrease in affinity and a complete loss
of specificity as determined by fluorescence anisotropy, with
all dissociation constants for both specific and unrelated
sequences measured to be ~5 uM (supplemental Fig. 3).

This low apparent specificity is inconsistent with the crystal
structure of the ZNF217_F67 complex, which shows numerous
specific interactions. We therefore used ITC as an independent
means to remeasure the affinity and specificity of ZNF217_F67
for DNA. Fig. 4A shows the binding isotherm obtained for the
interaction of ZNF217_ F67 with WT DNA. The titration curve
clearly indicates the presence of two binding events. The first is
relatively tight and is exothermic, whereas the second binding
event is weakly endothermic. In contrast, titration of the pro-
tein into the nonspecific DNA sequence (Fig. 4B) reveals a sin-
gle endothermic binding event that perfectly overlays with the
endothermic binding observed during the titration with WT
DNA (Fig. 4C). A fit of the interaction with the nonspecific
DNA to asimple binding model yields a dissociation constant of
1.2 £ 0.1 uMm and a stoichiometry of 1.8:1 (ZNF217_F67:DNA).

FIGURE 3. Protein-DNA interactions mediated by ZNF217_F67. A and B, phosphate backbone contacts and sequence-specific interactions observed
between the protein and the DNA for finger 6 (A) and for finger 7 (B) are represented by black dashed lines.
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We analyzed the interaction with WT DNA by first subtract-
ing the binding isotherm from the nonspecific DNA interaction
and then fitting the resultant data to a single-site model. The
data fitted well, giving a dissociation constant of 25 * 5 nMm and
astoichiometry of 0.67:1 (ZNF217_F67:DNA). The deviation of
this latter value from 1 most likely reflects uncertainty in the
concentration of protein and/or DNA (which we have observed
for numerous other protein-nucleic acid complexes). Thus,
under these conditions, our ITC data indicate that two binding
events can take place: a high affinity interaction that corre-
sponds to the interaction observed in the crystal structure, and
a second, low affinity interaction that can also take place when
no specific target site is present in the DNA sequence. The
derived stoichiometry for the weak interaction suggests that
more than one molecule of ZNF217 F67 can bind to DNA
simultaneously in this mode. Titrations carried out at higher
ionic strength ([NaCl] = 150 mm) showed only the tight bind-
ing event for the interaction with WT DNA (K, = 400 nm with
protein:DNA stoichiometry = 1:1.1), whereas the nonspecific
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DNA exhibited an interaction with an unchanged dissociation
constant of 2.5 uM.

Probing the Nonspecific Interaction of ZNF217 _F67 with
DNA—There is a growing appreciation that nonspecific pro-
tein-DNA interactions are relevant in vivo given the extremely
high concentration of noncognate DNA in a eukaryotic
nucleus. Attempts were therefore made to crystallize a complex
of ZNF217 with several noncognate DNA sequences. Although
crystals were formed, no good diffraction could be obtained. To
gain more insight into the nature of the nonspecific interaction
between ZNF217_F67 and DNA, we recorded >N HSQC spec-
tra of the protein in the absence and presence of either the WT
or nonspecific DNA sequences (supplemental Fig. 4). As shown
previously (34), substantial chemical shift changes are observed
following the addition of WT DNA, and these changes are con-
sistent overall with the structure of the complex. Fig. 54 shows
spectra of ZNF217_F67 alone (red) and in complex with either
nonspecific DNA (green) or WT DNA (blue). Overall, chemical
shift changes are in the same direction for both complexes,
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FIGURE 5. Chemical shift titration data for specific and nonspecific ZNF217_F67-DNA complexes. A, overlay of >N HSQC spectra of the unbound protein
(red) and bound to the specific (blue) or nonspecific DNA sequences (green). Assignments for the unbound protein are indicated (Nsc indicates assignments
corresponding to asparagine side chain amide groups). B and C, weighted average chemical shift changes for backbone nuclei of ZNF217_F67 following the
addition of specific (B) and nonspecific (C) DNA sequences. Chemical shift changes less than one standard deviation above the mean are shown in black, and
those that are larger than one standard deviation are represented in red. The horizontal dashed line indicates one standard deviation above the mean of the
chemical shift changes of all protein residues. Residues undergoing significant chemical shift changes in both complexes were also mapped onto the ZNF217

structure as displayed in the insets.
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indicating that the same surface of the protein contacts DNA in
each case (Fig. 5, B and C). However, the changes associated
with the nonspecific complex have uniformly smaller magni-
tudes, consistent with formation of a complex that is less
enthalpically favorable. The kinetics of complex formation also
differ in the two cases (supplemental Fig. 5); the WT DNA com-
plex displays intermediate exchange on the chemical shift tim-
escale, whereas the nonspecific DNA complex is in fast
exchange, suggesting that the former complex is characterized
by a slower dissociation rate constant.

DISCUSSION

The ZNF217 F67-DNA Structure Extends the Classical ZF
Paradigm—DNA-protein recognition is an essential aspect of
gene regulation, and classical ZF domains are the most com-
mon of all DNA-binding modules in complex organisms. In this
study, we have determined the structural basis for DNA recog-
nition by a two-ZF module from the human oncoprotein
ZNF217. Only one other structure currently exists of a two-ZF
module: that of the Drosophila TRAMTRACK protein (18).
The second TRAMTRACK ZF contacts DNA in a manner that
closely resembles the accepted “standard” interaction mode
that is also observed for the three ZFs of Zif268 (15) (Fig. 1),
whereas in the first ZF, the —1 residue in the «-helix interacts
with the DNA backbone rather than making a base-specific
contact.

More than 20 structures have been determined of classical
ZF-DNA complexes, and as shown in supplemental Fig. 1, these
structures reveal a number of different interactions that can be
made by side chains on the ZFs to specify the affinity and/or
specificity of DNA binding. Even so, most of the base-specific
interactions made by ZNF217_F67 either are uncommon or
have not been observed previously. For example, one of the
most frequently observed interactions in ZF-DNA complexes is
the “double-headed” hydrogen bond from an arginine at posi-
tion —1 to the O6 and N7 of a guanine at position 3 (supple-
mental Fig. 1). A unique variation of this interaction is observed
in ZNF217_F6; an arginine at —2 forms an analogous pair of
hydrogen bonds, but with a —2-position guanine. This is the
only known example of base-specific recognition by an amino
acid at the —2-position, and such an interaction opens new
possibilities for the design of ZF proteins with tailored specific-
ities. A great deal of both academic and commercial interest has
centered on the creation of classical ZF variants that can recog-
nize any chosen 3-bp sequence of dsDNA, and a library of vari-
ants has been built up over the last 15 years that can recognize
~40 of the 64 possible triplets. These domains have been cre-
ated primarily through the use of combinatorial methods such
as phage display. However, the residues that are subjected to
randomization are typically (although not exclusively (42))
restricted to —1-, +1-, +2-, +3-, +5-, and +6-positions of the
a-helix. Our data demonstrate that the —2-position can make
sequence-specific interactions and therefore might allow the
range of addressable DNA triplets to be expanded.

The Methyl- Interaction Specifies Thymine in DNA Targets—
Our structure of the ZNF217_F67-DNA complex also revealed
the existence of two methyl-7 interactions (between Tyr-485
and T17 and between Tyr-516 and T14). Mutation of either of
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these tyrosines to alanine reduces the affinity of ZNF217 for
DNA (34). The weakly polar methyl-7r interaction has been the
subject of debate for some time, and experimental proof of its
existence has been demonstrated only very recently (43). It is
now established that these noncovalent interactions are an
important stabilizing force for many biomolecular structures
and are common both in protein hydrophobic cores and in
nucleic acids (in particular, between thymine methyl groups
and neighboring adenine rings (44)). To our knowledge, how-
ever, no interactions between aromatic protein side chains and
nucleic acid methyl groups have been described in the context
of classical ZF-DNA complexes. We do note, however, that the
very recently reported structure of ZFP57 bound to methylated
DNA (45) includes an interaction between a methyl group of a
methylated cytosine and the mr-rich guanidino group of an argi-
nine. The distance and angles between the methyl and gua-
nidino group axes match those that characterize a methyl-m
interaction (43), although the energetic contribution of this
interaction is not known.

A published examination of amino acid diversity in classical
ZFs (46) indicates that tyrosines are found at this position in
~49% of all classical ZF domains (1156 instances in ~28,000 ZFs
from 12 species), making it the eighth most abundant residue in
that position (tyrosine is the 15th most abundant amino acid
overall in proteins listed in the UniProt database). As high
throughput binding data become available for more of these
proteins, through methods such as ChIP sequencing (47), it will
be interesting to see whether tyrosine-thymine interactions are,
as we would predict, conserved. It is also notable that tyrosines
have not been selected from the randomly mutated Zif268
libraries that have been screened using phage display during
efforts to create designer ZF domains (42, 48, 49), perhaps sug-
gesting that only a limited number of sequence contexts are
compatible with the methyl-7 interaction observed in the
ZNF217_F67 structure. In many cases, however, aromatic res-
idues were explicitly excluded from design efforts by the use of
VNS codons in the combinatorial library (50). This, however, is
an avenue worth exploring given that specific recognition of
thymine residues has been relatively problematic in the design
of tailored ZF proteins (42, 48, 49).

It is also notable that the recognition of methyl groups in
DNA by classical ZFs has been achieved through completely
different mechanisms, as recently described for Kaiso (51) and
ZFP57 (45). The structure of ZFP57 bound to DNA containing
two methylated cytosines (45) reveals that one of the methyl
groups is enclosed by a layer of ordered water molecules,
whereas the second forms methyl-r interactions with the gua-
nidino group of an arginine, as noted above, and the side-chain
carboxylate group of a glutamate (which also contacts the N4
atom of this same methyl group via one of its carboxylate oxy-
gens). Alanine and valine residues were also described to inter-
act with methyl groups (linked to either thymine or cytosine)
(52) by forming a tight hydrophobic interaction between the
amino acid side chains and the methyl group. The structure of
the classical 3-ZF protein Kaiso in complex with tetramethy-
lated DNA shows that two methyl groups are recognized by
glutamate side chain-mediated hydrogen bonds (CH-OH),
whereas another is accommodated in a hydrophobic pocket
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Human ZNF217 ECSYCGKFFRSNY]LNIHLRTHTGEKPYKCEFCEYARRQKTS
Human ZNF536 DCPYCGKTFRTSHHLKVHLRIHTGEKPYKCPHCDYAGTQSAS
Dog ZNF536 DCPYCGKTFRTSHHLKVHLRIHTGEKPYKCPHCDYAGTQSAS
OpossumZNF536 DCPYCGKTFRTSHHLKVHLRIHTGEKPYKCPHCDYAGTQSAS
Mouse ZNF536 DCPYCGKTFRTSHHLKVHLRIHTGEKPYKCPHCDYAGTQSAS
Frog ZNF536 DCPYCGKTFRTSHHLKVHLRIHTGEKPYKCPHCDYAGTQSAS
ZebrafishZNF536 DCPYCGKSFRTSHHLKVHLRIHTGEKPYRCPHCDYAGTQSAS

Structure of ZNF217 Bound to DNA
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Human ZNF219 DCPFCGKSFRSAHHLKVHLRVHTGERPYKCPHCDYAGTQSGSLKYHLQRHHREQ

Macaque ZNF219 DCPFCGKSFRSAHHLKVHLRVHTGERPYKCPHCDYAGTQSGS
Marmoset ZNF219 DCPFCGKSFRSAHHLKVHLRVHTGERPYKCPHCDYAGTQSGS
Cow ZNF219 DCPFCGKSFRSAHHLKVHLRVHTGERPYKCPHCDYAGTQSGS
Mouse ZNF219 DCPFCGKSFRSAHHLKVHLRVHTGERPYKCPHCDYAGTQSGS
OpossumZNF219 pCprCGKSFRSAHHLKVHLRYVHTGER PYKCPHCDYAGTQSGS

HLORHHREQ
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HLORHHREQ
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FIGURE 6. Amino acid sequence alignment of human ZNF217_F67. The sequence alignment shows the conservation of the two tyrosine residues (gray
boxes) involved in the methyl-mr interactions with DNA. The interspecies sequence alignment of ZNF217 shows an extremely good conservation of the entire

F67 domain across different species.

created by a cysteine and a threonine residue. One of the methyl
groups forms a methyl-7 interaction with an arginine side
chain (53). Overall, these data suggest that methyl recognition
in protein-DNA interaction can be achieved by several different
molecular mechanisms.

An alignment of ZNF217 with the most closely related
human proteins (Fig. 6), ZNF219 and ZNF536, as well as with
homologues from other species, indicates that Tyr-516 is
strictly conserved, whereas Tyr-485 is uniformly replaced by
histidine. Although it is difficult to draw inferences from the
conservation of Tyr-516, given the extremely high similarity
across the whole sequence, the substitution of Tyr-485 with
histidine might have one of two consequences. First, the selec-
tivity for thymine might be retained if the aromatic ring of his-
tidine makes a comparable methyl- interaction. Methyl inter-
actions involving histidines have been seen, for example, in
plastocyanin structures between histidine residues involved in
copper coordination and the methyl groups of leucines or
methionines (54 —-56). Second, the substitution might resultin a
change in DNA binding specificity. Histidines are seen at
the +3-position in both Zif268 and a designed ZF protein
(supplemental Fig. 1), where they instead make hydrogen bonds
with N7 of either guanine or adenine, respectively (15, 57).

ZNF217 Is a Sequence-specific DNA-binding Protein—In this
and our previous study (34), we have determined the sequence
specificity of ZNF217 using fluorescence anisotropy and ITC.
ITC data showed that ZNF217_F67 is able to discriminate its
Cyclic Amplification and Selection of Targets (CAST)-derived
consensus sequence with an affinity that is 50-fold higher than
that measured for a mutated binding site. Surprisingly, this
tight and specific binding event was not detected at all in our
fluorescence anisotropy titrations, whereas the weak, nonspe-
cific binding was clearly measureable. This discrepancy most
likely highlights a pitfall of the fluorescence anisotropy
approach that prevents the measurement of interactions that
do not result in a substantial change in rotational motion of the
fluorophore. In this case, it is the 18-bp oligonucleotide, which
has a very extended shape (an axial ratio of ~3) (58), that is
fluorescently labeled, and the binding of the 6-kDa F67 poly-
peptide presumably does not alter the tumbling properties of
this molecule sufficiently to give rise to a measureable change in
fluorescence anisotropy. We have observed similar behavior
before during our analysis of the DNA binding properties of the
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GATA-type ZF from MED-1 (6). In contrast, the second,
weaker binding event, which introduces a second molecule of
F67 to the DNA, must perturb the tumbling of the DNA to a
greater extent. In this regard, it is notable that the derived stoi-
chiometry of the nonspecific interaction is ~1.8:1, indicating
that more than one protein molecule might be contacting the
DNA simultaneously (which could amplify the observed
change in anisotropy). As always, it is prudent to make meas-
urements using complementary techniques where possible.
The Nonspecific DNA Binding Properties of ZNF217—QOur
data show a nonspecific DNA binding activity with micromolar
affinity for ZNF217 (although it is possible that other ZFs in
ZNF217 might make additional contributions to this activity).
Recently, nonspecific protein-DNA binding has received con-
siderable attention and is likely to be an important aspect of
protein-DNA recognition (59-61). It was pointed out many
years ago that sequence-specific DNA recognition is extremely
challenging in the cell (62, 63) given that specific binding sites
are diluted by a huge molar excess of other DNA sequences that
exhibit a strong overall geometric resemblance with the specific
DNA site. Although the organization of eukaryotic DNA into
nucleosomes and the packaging of a subset of this DNA into
heterochromatin reduces the number of potential nonspecific
binding sites, a large number of such sites will still exist. Jen-
Jacobson (64) estimated that for a hypothetical protein that
recognizes a unique DNA-binding site in the human genome
and presents a 1000-fold difference in affinity between its spe-
cific and a nonspecific binding site, only 1 in 3 million protein
molecules will be bound to the specific binding site. Different
theories have been proposed to explain how proteins discrimi-
nate their cognate DNA sequence in the context of a cell,
including (i) sliding (65-68); (ii) dissociation-reassociation;
and (iii) intersegmental transfer (69). Computational predic-
tions (70), x-ray crystallography (71), and a variety of experi-
mental methods have been used recently to study nonspecific
protein-DNA complexes (59, 72, 73), but the analysis of non-
specific protein-DNA complexes remains a major challenge.
We show here that the DNA binding mode of ZNF217_F67
for the specific and nonspecific DNA sequences is similar and
that the observed exchange rate between the free and bound
protein is faster for the nonspecific complex, indicative of a
higher dissociation rate constant. These observations are con-
sistent with a model in which ZNF217 in the cell probes open
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genomic DNA with its DNA-binding surface and, by virtue of
its slower off-rate when bound to its cognate target sites, is
more likely to induce recruitment of additional proteins at such
sites. Similar observations have been made for other DNA-
binding proteins, including the HoxD9 homeodomain (73, 74)
and the ZF protein Zif268 (59). Our study joins a small but
growing body of work that begins to provide insight into the
mechanism by which proteins can efficiently find their target
DNA-binding site immersed in a sea of nonspecific DNA. How-
ever, much still remains to be learned about how transcription
factors can reach their cognate binding site so quickly in the
presence of substantial molecular distractions.
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