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ABSTRACT: Neural Zinc Finger Factor-1 (NZF-1) and
Myelin Transcription Factor 1 (MyT1) are two homologous
nonclassical zinc finger (ZF) proteins that are involved in the
development of the central nervous system (CNS). Both NZF-
1 and MyT1 contain multiple ZF domains, each of which
contains an absolutely conserved Cys2His2Cys motif. All three
cysteines and the second histidine have been shown to
coordinate Zn(II); however, the role of the first histidine
remains unresolved. Using a functional form of NZF-1 that
contains two ZF domains (NZF-1-F2F3), mutant proteins in which each histidine was sequentially mutated to a phenylalanine
were prepared to determine the role(s) of the histidine residues in DNA recognition. When the first histidine is mutated, the
protein binds Zn(II) in an analogous manner to the native protein. Surprisingly, this mutant does not bind to target DNA (β-
RAR), suggesting that the noncoordinating histidine is critical for sequence selective DNA recognition. The first histidine will
coordinate Zn(II) when the second histidine is mutated; however, the overall fold of the protein is perturbed leading to
abrogation of DNA binding. NZF-1-F2F3 selectively binds to a specific DNA target sequence (from β-RAR) with high affinity
(nM); while its homologue MyT1 (MyT1-F2F3), which is 92% identical to NZF-1-F2F3, binds to this same DNA sequence
nonspecifically. A single, nonconserved amino acid residue in NZF-1-F2F3 is shown to be responsible for this high affinity DNA
binding to β-RAR. When this residue (arginine) is engineered into the MyT1-F2F3 sequence, the affinity for β-RAR DNA
increases.

■ INTRODUCTION

Zinc fingers (ZFs) are proteins which contain modular domains
that coordinate zinc ions via a combination of four cysteine
and/or histidine ligands to fold into specific three-dimensional
structures.1−10 ZFs have critically important biological roles in
modulating transcription and translation and show a remark-
able capacity for highly selective nucleic acid recognition.3,4,10

Zinc proteins are ubiquitous in eukaryotes: approximately 10%
of the human genome encodes for these proteins.5,8,11−13 ZF
proteins can be separated into at least 14 different classes which
are distinguished by the ligand set involved in Zn(II)
coordination and, when known, the three-dimensional structure
of the folded form. The best-studied class of ZFs are the
“classical” ZFs.5,9,14 Classical ZFs utilize a Cys2His2 (CCHH)
ligand set to coordinate zinc ions and fold into a recognizable α
helix/β sheet structure upon zinc ion coordination.1−10 The
remaining classes of ZFs are often referred to as “nonclassical”
ZFs.1 Nonclassical ZFs are known to be involved in key
biological processes including mRNA processing, viral repli-
cation, tumor suppression, and neuronal development;1,15−19

yet, in many instances little is known about their biochemical
roles and consequently, the biophysical basis of nucleic acid
recognition for these nonclassical ZF proteins is unresolved.
One important class of nonclassical ZFs are the Cys2His2Cys

or CCHHC ZFs.1 This is a small class of ZFs, with only three
homologues identified to date: Neural Zinc Finger Factor-1

(NZF-1), Myelin Transcription Factor 1 (MyT1), and
Suppression of Tumorigenicity 18 (ST18).18−31 NZF-1 and
MyT1 are found in the Central Nervous System (CNS) where
they play crucial roles in development: misregulation of either
protein is associated with schizophrenia, mental retardation,
brain cancer, and periventricular leukomalacia (a common
cause of cerebral palsy).21,29,30,32−41 NZF-1 is found in neurons
where it regulates β-retinoic acid receptor (β-RAR) expression,
while MyT1 is found in oligodendrocytes, where it regulates
expression of the proteolipid protein (PLP), the main myelin
forming protein in the CNS, as well as 2′3′-cyclic-nucleotide
3′phosphodiesterase (CNP) and opalin.26,29,30,42

Both NZF-1 and MyT1 contain multiple CCHHC ZF
domains, which are arranged in clusters of 1, 2, 3, or 4 ZFs
(Figure 1a).1,29,30 The amino acid sequences of each ZF
domain within either NZF-1 or MyT1 are remarkably similar,
with upward of 100% sequence identity (Figure 1b). This is
unusual for a ZF protein. Typically, amino acid sequence
similarity for homologous ZF domains is more limited and
restricted to the coordinating ligands and a few additional
amino acids that are involved in stabilizing the protein fold or
promoting nucleic acid recognition.8,10

Received: February 8, 2013
Published: March 22, 2013

Article

pubs.acs.org/IC

© 2013 American Chemical Society 4721 dx.doi.org/10.1021/ic4003516 | Inorg. Chem. 2013, 52, 4721−4728

pubs.acs.org/IC


The presence of five potential metal binding ligands
(CCHHC) in the ZF sequences of NZF-1 and MyT1 suggests
a possible five-coordinate geometry at the zinc(II) sites;43

however, structural and optical data for singular and double ZF
domains of both NZF-1 and MyT1 all indicate four coordinate
geometry at the Zn(II) sites.18,19,25,27 The structural data for
NZF-1 and MyT1 are limited to NMR structures of singular
domains (F2 for NZF-1 and F5 for MyT1) (Figure 1c and
1d).19,27 In both structures, Zn(II) is coordinated to three
cysteine residues and one histidine residue in a tetrahedral
geometry.19,27 The coordinating histidine is the second
conserved histidine in the sequence. The first histidine has
been proposed to participate in a stacking interaction with a
highly conserved tyrosine, stabilizing the structure.19 Interest-
ingly, when the second histidine is mutated to a non-
coordinating alanine or glutamine, for either F2 or F3 of
NZF-1, Zn(II) coordination is still observed, indicating that the
coordinating ligands are flexible.19,25 The effect of this alternate
coordination on function is not known.
A bona fide DNA target sequence has only been identified

for a two ZF domain (F2+F3) of NZF-1.18 This target

sequence is from the β-RAR promoter, and it contains an
AAGTT sequence that has been proposed to be a general
recognition sequence for all CCHHC-type ZFs.18,24,29 How-
ever, a two ZF domain construct of MyT1 exhibits significantly
weaker affinity for β-RAR DNA when compared to the affinity
measured for NZF-1 (F2+F3).27,28 This suggests that MyT1
recognizes a different DNA sequence than NZF-1. In addition,
the promoter sequences of the genes that are recognized by
MyT1 do not always contain the AAGTT sequence, consistent
with the idea that MyT1 binds to a different DNA recognition
sequence than NZF-1.42

From these studies, two important questions have emerged:
(1) what is the functional role of the noncoordinating histidine
that is present in all CCHHC type ZF proteins? and (2) How
do NZF-1 and MyT1 discriminate between DNA targets, given
the high sequence similarity between individual ZFs? By
preparing mutations of the two-ZF-domain peptide construct of
NZF-1 (F2+F3), for which a bona fide DNA target sequence
has been identified, and of the analogous two-ZF domain
construct of MyT1 (F2+F3), we have discovered that the
noncoordinating histidine is critical for DNA recognition. We

Figure 1. (a) Cartoon diagram of the ZF topology of NZF-1 and MyT1 from Rattus norvegicus, r or Mus musculus, m. The individual ZF domains are
boxed, and the alignment shows the ZF clustering. Note, F1 is absent in rMyT1. (b) Alignment of the amino acid sequences of NZF-1-F2F3, MyT1-
F2F3, and MyT1-F4F5. The cysteine and histidine ligands that can directly coordinate Co(II) and Zn(II) are highlighted in blue, the amino acid
residues that have been proposed to participate in a stacking interaction with the noncoordinating histidine are highlighted in red, and the amino acid
residues that differ between the individual ZF domains of NZF-1 and MyT1 are highlighted in green. The arrow indicates the position of the
nonconserved histidine residue. (c) The NMR solution structure of F2 of rNZF-1 (PDBID IPXE). The highlighted amino acids are color coded to
match those that are highlighted in panel 1b. The amino acid position found to be important for NZF-1-F2F3 DNA recognition is indicated in green
(X557). (d) NMR solution structure of finger 5 mMyT1 (PDBID 2JYD). Highlighted amino acids are color coded to match those in panel 1b. The
amino acid position that has been shown to be important for NZF-1-F2F3 DNA recognition are highlighted in green. The structural figures were
generated in Pymol.
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also report that a singular residue that is not conserved between
the NZF-1-F2F3 and MyT1-F2F3 sequences is responsible for
“high affinity” (nanomolar) DNA binding. These results allow
us to propose a unique paradigm of zinc ion mediated DNA
recognition for this novel class of nonclassical ZF proteins.

■ EXPERIMENTAL SECTION
Nomenclature. All peptide constructs of NZF-1 and MyT1 are

named based upon the ZFs included within their sequences. For
example, the construct that contains the second (F2) and third (F3)
ZF of NZF-1 from Rattus norvegicus (R. norvegicus) is named NZF-1-
F2F3. Mutant peptides in which either the first (H515 and H559) or
second (H523 and H567) histidine have been mutated to a
phenylalanine are referred to as CCFHC or CCHFC, respectively.
Expression and Purification of NZF-1-F2F3 and MyT1-F2F3.

A DNA fragment corresponding to residues 487−584 of full length
NZF-1 from R. norvegicus, termed NZF-1-F2F3 ligated into a pET15b
vector in which the hexahistidine tag had been removed was a
generous gift of Dr. Holly Cymet (Stevenson University). The DNA
corresponding to residues 222−318 of full length MyT1, termed
MyT1-F2F3, was amplified via the Polymerase Chain Reaction (PCR)
from a R. norvegicus brain cDNA library, which was a generous gift
from Dr. Anthony Lanahan (Yale University). This DNA fragment was
ligated into a pET15b vector using the restriction sites NcoI and
BamHI so that the hexahistidine tag was removed. To express these
constructs, the vectors were transformed into BL21(DE3) Escherichia
coli (Novagen) cells, and the cells were then grown in Luria−Bertani
(LB) broth with 100 μg/mL ampicillin at 37 °C until midlog phase.
Protein expression was induced with 1 mM isopropyl β-D-1-
thiogalactopyranoside (IPTG) and grown for 4 h post induction.
Cells were harvested by centrifugation at 7800g for 15 min at 4 °C.
Cell pellets were resuspended in 25 mM Tris [tris(hydroxymethyl)-
aminomethane] at pH 8.0, 100 μM ZnCl2, and 5 mM dithiothreitol
(DTT) containing a mini ethylenediaminetetraacetic acid (EDTA)
free protease inhibitor tablet (Roche) and lysed via sonication on a
Misonix Sonicator 3000. Cell debris were removed by centrifugation at
12100g for 15 min at 4 °C. The bacterial supernatant was loaded onto
a SP Sepharose Fast Flow column (Sigma), and the protein was eluted
with a stepwise salt gradient from 0 to 1 M KCl. The cysteine thiols of
the protein were reduced by incubation with 10 mM tris(2-
carboxyethyl)phosphine (TCEP) (Thermo) at room temperature for
30 min. The protein was further purified via High Performance Liquid
Chromatography (HPLC) using a Waters 626 LC system and a
Waters Symmetry Prep 300 C18 7 μm reverse phase column with an
acetonitrile gradient containing 0.1% trifluoroacetic acid (TFA). The
proteins eluted at 29% acetonitrile with 0.1% TFA. The collected
proteins were dried using a Thermo Savant SpeedVac concentrator
housed in a Coy anaerobic chamber (97% N2/3% H2).
Design of NZF-1-F2F3 and MyT1-F2F3 Mutants. Mutations of

either the first or the second conserved histidine residue of NZF-1-
F2F3 to phenylalanine were made using a Quikchange Mutagenesis
Kit (Agilent). To create the CCFHC mutant, H515 and H559, which
correspond to the first conserved histidine in each ZF, were mutated
to a phenylalanine. Similarly, H523 and H567, which correspond to
the second conserved histidine in each ZF, were mutated to a
phenylalanine to create the CCHFC mutant. A remaining non-
conserved histidine residue (amino acid 522) was mutated to an
alanine to prevent any adventitious metal ion coordination. Glutamine
291 of MyT1-F2F3 was mutated to an arginine using the Quikchange
Mutagenesis Kit to create the Q291R MyT1-F2F3 mutant. All
mutations were confirmed using DNA sequencing at the Biopolymer/
Genomics Core Facility housed at the University of Maryland School
of Medicine. Expression and purification followed the procedure
previously described (vide inf ra).
Metal Binding Studies. Metal ion titrations were performed on a

PerkinElmer Lambda 25 UV−visible Spectrometer, CoCl2 and ZnCl2
were from Fisher Scientific. In a typical experiment, 20−50 μM apo-
peptide was titrated with CoCl2, and the absorbance was monitored
until saturation. The relative affinity of the peptides for Zn(II) were

determined by monitoring the displacement of Co(II) by Zn(II)
following the method developed by Berg and Merkle.14 All titrations
were performed in 200 mM HEPES [4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid], 100 mM NaCl at pH 7.5. Data were fit to an
appropriate binding equilibria using linear least-squares analysis
(KaleidaGraph, Synergy Software).

Circular Dichroism. Far-UV Circular Dichroism (CD) was
performed on a Jasco-810 Spectropolarimeter. Twenty μM of apo-
peptide was prepared in 300 μL of 25 mM Sodium Phosphate, pH 7.5.
Molar equivalents of either CoCl2 or ZnCl2 were added to the apo-
peptide, and the spectra were measured. All spectra were collected
from 190 to 260 nm, with a scan rate of 100 nm/min, at 25 °C in a 1
mm path length quartz rectangular cell (Starna Cells). A total of 5
scans were obtained for each point, and the average was displayed.

Oligonucleotide Probes. Oligonucleotides were purchased from
Integrated DNA Technologies, Inc. (Coralville, IA), in their HPLC
purified form. The β-RAR DNA, CACCGAAAGTTCACTC, was
purchased with a 5′ end-labeled fluorescein along with its unlabeled
complement. A random DNA strand, TGTTTCTGCCTCTGT, was
also purchased with a 5′ end-labeled fluorescein along with its
unlabeled complement. The oligonucleotides were annealed by mixing
a ratio of 1.25:1 unlabeled:labeled in 10 mM Tris, pH 8.0 and 10 mM
NaCl annealing buffer. The annealing mixture was placed in a water
bath set to 10 °C higher than the melting temperature of the DNA
strands. The annealing reaction proceeded for 5 min before the water
bath was turned off and allowed to cool overnight. The resultant
double-stranded oligonucleotides were quantified and stored at −20
°C.

Fluorescence Anisotropy. Fluorescence anisotropy (FA) assays
were performed on an ISS PC-1 spectrofluorimeter configured in the L
format. A wavelength/band-pass of 495 nm/2 nm for excitation and
517 nm/1 nm for emission were utilized. All experiments were
performed in 50 mM HEPES, 100 mM NaCl at pH 7.5 in a Spectrosil
far-UV quartz window fluorescence cuvette (Starna Cells). Binding
reactions were performed with 10 nM fluorescently labeled DNA in
the presence of 0.05 mg/mL bovine serum albumin (BSA) to prevent
adherence of DNA or protein to the cuvette walls. The anisotropy, r,
was monitored throughout the course of the binding assay in which
protein was added in increments to the fluorescently labeled DNA.
Each data point represents the average of 60 readings taken over a
period of 115 s. Anisotropy values were converted to fraction bound,
Fbound (fraction of DNA bound to peptide at a given DNA
concentration), according to the following equation:

=
−

− + −
F

r r
r r Q r r( ) ( )bound
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bound free

where rfree is the anisotropy of fluorescently labeled DNA and rbound is
the anisotropy of the peptide-DNA complex at saturation. Q is the
quantum yield that is applied as a correction factor to account for
changes in fluorescence intensity over the course of the experiment (Q
= Ibound/Ifree). Typically, Q values ranged from 0.9 to 1.0. Fbound was
then plotted against peptide concentration, and the data fit to a one-
site binding model:
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where P is the protein concentration and D is the DNA concentration.
Generation of Sequence Logos. A “Weblogo” showing the

conservation of the amino acid residues in all ZF domains (6 domains
per protein) of R. norvegicus NZF-1, MyT1, and ST18 was generated
using the weblogo tool found at http://weblogo.berkeley.edu. The
Weblogo of classical CCHH ZFs was generated using http://prosite.
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expasy.org. A search of “zinc finger” was performed, and CCHH type
ZFs was selected. The generated Weblogo was a result of 13,324 true
positive hits from the UniProtKB/Swiss-Prot databank.44−47

■ RESULTS AND DISCUSSION

Functional Roles of the Two Histidine Ligands within
Each ZF of NZF-1. The published NMR structural data for
NZF-1 and MyT1 are limited to single finger domains of the
proteins (F2 from NZF-1 and F5 from MyT1).19,27 In both of
these structures, the second conserved histidine within the ZF
domain serves as the Zn(II) coordinating ligand.19,27

Remarkably, when this histidine is mutated to a non-
coordinating residue (either alanine or glutamine) in either
the second or the third ZF domain of NZF-1, the first histidine
coordinates the Zn(II) in its place, suggesting that metal ion
coordination is flexible.19,25 Here, we sought to understand the
functional consequences of histidine coordination in NZF-1. All
of the structural and mutagenesis studies that have been
published are of single ZF domains, which do not bind to target
DNA with the requisite affinity (i.e., nM) to address this
question.10 Thus, we prepared a series of mutant proteins of a
two domain construct of NZF-1, NZF-1-F2F3, for which a high
affinity DNA target sequence is known. With this construct in
hand, the functional significance of each histidine residue was
assessed.
The first (H515 and H559) or second (H523 and H567)

conserved histidine of NZF-1-F2F3 were mutated to phenyl-
alanines. The two mutant peptides were named CCFHC and
CCHFC, respectively. A third nonconserved histidine, H522, in
F2 was mutated to an alanine to prevent any metal ions binding
adventitiously to this residue in the mutant peptides (Figure
1b). The choice of phenylalanine was based upon the proposal
that the noncoordinating histidine is involved in a stacking
interaction with a conserved tyrosine residue.19 Phenylalanine
in this position should preserve this interaction.
Metal Binding Studies. To determine if the two mutant

proteins, CCFHC and CCHFC, bound Zn(II), direct titrations
with Co(II) and competitive titrations with Zn(II) were
performed. Co(II) is routinely utilized as a spectroscopic probe
for Zn(II) binding to ZFs.6,48−53 Co(II), which has a d7

electron count, exhibits distinct optical absorbances centered

between 550 and 750 nm when it is coordinated to four ligands
in a tetrahedral geometry.54 These absorbance bands differ
based upon the ligand set that coordinates Co(II); therefore
the nature of the ligands coordinating Co(II) in a given ZF can
be deduced from these spectra.55 Zn(II) typically binds more
tightly to ZF domains than does Co(II), due to ligand field
stabilization energy (LFSE) differences.14 Thus, Zn(II) binding
to ZF sites can be measured via a competitive titration of
Co(II)-ZF with Zn(II) to reveal upper limit dissociation
constants (Kd’s) for each metal ion.14,54,56

Co(II) Direct Titrations. Co(II) was titrated with NZF-1-
F2F3, CCFHC, and CCHFC. For all three proteins, d-d bands
between 550 and 750 nm were observed as Co(II) was added
with maxima centered at 590, 650, and 679 nm. These d-d
bands are from the 4A2 to

4T2(P) transition for a tetrahedral
geometry, and the splitting into three components is due to
lowered symmetry.54,57,58 (Figure 2, Supporting Information,
Figures S1 and S2). The shape of the spectra did not change
during the course of each titration, indicating that Co(II) binds
to the two ZF sites with equal affinities. The overall shape of
the three split d-d bands for Co(II)-NZF-1-F2F3 and Co(II)-
CCFHC spectra were similar; while the d-d bands for the
Co(II)-CCHFC were split differently suggesting that the
overall symmetry at the metal site is altered as a result of the
mutation (Figure 3a). The Co(II) titration data were fit to 1:1
binding equilibria, and upper-limit Kd’s of 7.0 ± 0.4 × 10−8 M,
5.2 ± 0.3 × 10−7 M, and 3.7 ± 1.2 × 10−7 M were determined
for NZF-1-F2F3, CCFHC, and CCHFC, respectively. These
affinities fit within the range of reported binding affinities for
ZF proteins.18,25,59

Zn(II) Titrations. To determine the affinity of Zn(II) for
NZF-1-F2F3, CCFHC, and CCHFC, solutions of each protein
with 10-fold excess Co(II) was titrated with Zn(II). The
decrease in the d-d absorbances for the Co(II)-ZF spectra were
monitored, and the data were fit to a competitive binding
equilibrium. A representative fit for the CCFHC mutant is
shown in Figure 2. Upper limit Kd’s of 1.2 ± 0.7 × 10−10 M for
NZF-1-F2F3, 3.2 ± 0.9 × 10−10 M for CCFHC, and 2.6 ± 1.2
× 10−9 M for CCHFC were determined (Figure 2b, Supporting
Information, Figures S1, S2). These values fit well with those
reported for other ZFs, including NZF-1 sites.18,25,59

Figure 2. (a) Plot of the change in the absorption spectrum of 25 μM CCFHC between 500 and 800 nm as Co(II) is titrated. The titration was
performed in 200 mM HEPES, 100 mM NaCl buffer at pH 7.5. (b) Plot of the absorption spectrum at 679 nm as a function of either added Co(II)
to apo-CCFHC (blue) or added Zn(II) to Co(II)-CCFHC (red). The data were fit to appropriate binding equilibria and upper limit Kd’s of 5.2 ±
0.3 × 10−7 M and 3.2 ± 0.9 × 10−10 M for Co(II) and Zn(II), respectively, were obtained. The solid lines represent the nonlinear least-squares fit.
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Circular Dichroism (CD) Spectra of NZF-1-F2F3,
CCFHC and CCHFC Mutants. To further characterize the
effect of mutating either the coordinating or the non-
coordinating histidine on the structure of NZF-1-F2F3, CD
spectra of the three proteins were measured (Figure 3b and
Supporting Information, Figure S3). In the absence of metal
ions, all three proteins have similar spectra that are
characterized by a negative signal at 200 nm, typical of a
random coil.60−62 In the presence of either stoichiometric
Co(II) or Zn(II), the only additional feature is a negative signal
centered at 220 nM. These features were expected as the NMR
structures of NZF-1 and MyT119,27 do not exhibit significant
alpha helical or β sheet content, and they match spectra
recently reported for a single ZF of MyT1 by Wilcox and co-
workers.53 Notably, the CD spectra of the Co(II) or Zn(II)
bound CCHFC mutant are slightly different than the analogous
NZF-1-F2F3 and CCFHC spectra, as shown in Figure 3b and
Supporting Information, Figure S3. This offers further evidence
that the CCHFC mutant adopts a different fold upon metal
coordination than NZF-1-F2F3 and CCFHC.
DNA Binding Studies to Define the Functional Role(s)

of the Histidine Ligands. To understand the roles of the two
conserved histidines residues on function, fluorescence
anisotropy (FA) was utilized to measure the affinity of NZF-
1-F2F3 and the two mutants, CCFHC and CCHFC for the β-
retinoic acid receptor (β-RAR) recognition sequence.28,52,63−65

The native protein, NZF-1-F2F3 was expected to bind to this
DNA with nanomolar affinity, based upon previous studies.28

Similarly, the CCFHC mutant, which maintains the metal
coordinating histidine, was also expected to bind to this DNA
target with nM affinity. In contrast, the CCHFC mutant was
expected to show different DNA binding properties because the
coordinating histidine has been abrogated. NZF-1-F2F3

selectively bound to β-RAR with a Kd of 1.4 ± 0.2 × 10−8

M, as expected; surprisingly, DNA binding was not observed
for either mutant (Figure 4). None of the proteins bound to a
random DNA sequence.

The abrogation of DNA binding for CCHFC was expected,
as in this mutant Zn(II) is coordinated to a different histidine
and the overall protein fold has been perturbed. However, the
lack of DNA binding for the CCFHC mutant was unexpected
because this mutant was designed to retain the key elements
thought to be important for the protein’s fold. These included
the native coordinating histidine and a phenylalanine at the
position of the noncoordinating histidine. From structural
studies, this noncoordinating histidine had been proposed to be
part of a stacking interaction with a noncoordinating tyrosine,
which helps stabilize the structure (Figure 1c, Y520).19 The
DNA binding studies reported here reveal that the role of this
histidine is more complex than just participation in a stacking
interaction. The noncoordinating histidine appears to be critical
for DNA binding, and we hypothesize two potential roles for
this histidine: (i) it may play a direct role in DNA recognition
or (ii) it may play an indirect role in DNA binding by
stabilizing a residue, such as the tyrosine it has been proposed
to “stack” with, via additional bonding interactions that may
have been disrupted via the mutation of the histidine residue to
phenylalanine (e.g., hydrogen bonding). Although there are no
structures of NZF-1 bound to DNA, Gamsjaeger and co-
workers have modeled a structure for a single ZF domain of
MyT1 bound to DNA with the Haddock docking program
(Figure 5). In this model, both the noncoordinating histidine
and the tyrosine are positioned to interact with the DNA.27

Furthermore, in some of the ZFs domains in this family,
arginine is found in the place of tyrosine. Arginine often serves
as a DNA recognition element in DNA binding proteins.66−68

Switching the DNA Binding Properties of MyT1 to
those of NZF-1. MyT1 shows a high level of sequence
similarity to NZF-1, although MyT1 is found in different cells
and regulates different genes than NZF-1.21,29,30 The DNA
target sequence recognized by MyT1 has not yet been
identified, but has been proposed to be the same target
sequence as NZF-1.24 The singular report of solution-based
DNA binding studies for MyT1 utilized NZF-1’s β-RAR target
sequence, and the reported affinities of MyT1 for this DNA
sequence were weaker than the affinity of NZF-1-F2F3 for this

Figure 3. (a) Overlay of the absorbance spectra between 500 and 800
nm of Co(II)-NZF-1-F2F3, shown in purple, Co(II)-CCFHC, shown
in pink, and Co(II)-CCHFC, shown in blue. All experiments
performed in 200 mM HEPES, 100 mM NaCl, pH 7.5. (b) Overlay
of the CD spectra of 20 μM Zn(II)-NZF-1-F2F3 shown in purple, 20
μM Zn(II)-CCFHC shown in pink, and 20 μM Zn(II)- CCHFC
shown in blue. All experiments performed in 25 mM Sodium
Phosphate, pH 7.5.

Figure 4. Comparison of the change in anisotropy (as fraction bound)
as NZF-1-F2F3, shown in closed purple circles, CCFHC, shown in
closed pink circles, and CCHFC, shown in closed blue diamonds, are
titrated in 10 nM fluorescently labeled β-RAR DNA. An example of a
control titration (NZF-1-F2F3 with a randomized segment of DNA) is
shown in open purple circles. All experiments were performed in
triplicate in 50 mM HEPES, 100 mM NaCl pH 7.5.
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same DNA sequence.27 It has been proposed that the motif
recognized by NZF-1 within the β-RAR sequence is an AAGTT
sequence.18,30 This sequence is not present in all of the
promoter sequences of the genes recognized by MyT1,42 thus
MyT1 likely recognizes a different DNA target than NZF-1.
Given the high sequence identity between NZF-1 and MyT1,

we hypothesized that the residues that are not conserved
between NZF-1 and MyT1 must determine DNA sequence
selectivity. By aligning the NZF-1-F2F3 sequence with the
analogous region of MyT1 (MyT1-F2F3) we found that within
the ZF domains only two amino acids differ between the two
sequences (Figure 1b). One of these amino acids is a serine
residue in NZF-1-F2F3 and a threonine residue in MyT1-F2F3.
As these amino acids have very similar properties, we
hypothesized these residues would play similar functional
roles. In contrast, an arginine in NZF-1-F2F3 is a glutamine in
MyT1-F2F3. Arginine residues are often implicated in DNA
recognition and therefore this amino acid may be the key
switch for the high affinity βRAR DNA recognition by NZF-
1.66−68 As such, a mutation of the glutamine in MyT1-F2F3 to
arginine is predicted to result in high affinity DNA binding. To
test this hypothesis, both native MyT1-F2F3 and Q291R
MyT1-F2F3 were prepared and characterized.
Metal Binding and Folding Studies. Direct Co(II)

titrations and competitive Zn(II) titrations of MyT1-F2F3 and
Q291R MyT1-F2F3 were performed analogously to the studies
described above for NZF-1-F2F3 and its mutants. The Co(II)
spectra for both proteins matched those observed for NZF-1-
F2F3 and CCFHC, indicating that the same ligands are
involved in metal ion coordination for both MyT1 and NZF-1
(Supporting Information, Figures S4 and S5). The Co(II) data
were fit to 1:1 binding equilibria and upper-limit Kd’s of 2.0 ±
1.1 × 10−7 M and 9.3 ± 1.3 × 10−8 M were determined for
MyT1-F2F3 and Q291R MyT1-F2F3, respectively. The Zn(II)
data were fit to a competitive equilibria, and upper-limit Kd’s of
3.6 ± 2.0 × 10−10 M and 2.1 ± 0.8 × 10−9 M were determined.
The CD spectra were also similar to that reported for NZF-1-
F2F3. (Figure 6 and Supporting Information, Figure S6)
DNA Binding Studies of MyT1-F2F3 and Q291R MyT1-

F2F3 with β-RAR. We first performed FA studies of MyT1-
F2F3 with β-RAR, to quantify the binding affinity (Figure 7).

The only previous study of MyT1-F2F3 with this DNA target
utilized surface plasmon resonance (SPR), and only a
semiquantitative affinity was reported.27 As predicted, MyT1-
F2F3 bound to β-RAR with a significantly weaker affinity, Kd of
1.3 ± 0.11 × 10−6 M, than the affinity of NZF-1-F2F3 for this
same target (Kd of 1.4 ± 0.2 × 10−8 M). Notably, the affinity of
MyT1-F2F3 for a random sequence of DNA that was used as a
control was on the same order of magnitude (Kd = 9.1 ± 0.5 ×
10−7 M) as its measured affinity for β-RAR. This indicates that
the binding observed for MyT1-F2F3 with β-RAR is non-
specific. In contrast, when the affinity of the mutated MyT1
protein Q291R for β-RAR was measured, a Kd of 3.3 ± 0.12 ×
10−8 M was determined. Remarkably, this affinity is on the
same order of magnitude as the affinity of NZF-1-F2F3 for this
DNA target. Thus, mutation of a single glutamine in MyT1-
F2F3 to arginine results in high affinity, specific DNA binding
to β-RAR which is on par with the native NZF-1-F2F3′s
binding affinity.

■ CONCLUSIONS
The results of the studies reported herein provide key insight
into two overarching questions regarding NZF-1 and MyT1
function: (1) what is the functional role of the noncoordinating
histidine that is present in all CCHHC type ZF proteins? and
(2) How do NZF-1 and MyT1 discriminate between DNA
targets, given the high sequence identity between individual

Figure 5. Model of mMyT1 interacting with the βRAR DNA, shown
in purple (PDBID 2JX1). Metal coordinating residues shown in blue;
residues shown to stack in NZF-1 structure shown in red; residue not
conserved between NZF-1-F2F3 and MyT1-F2F3 shown in green.
Figure generated in Pymol.

Figure 6. Overlay of the CD spectra of 20 μM Zn(II)-NZF-1-F2F3
shown in purple, 20 μM Zn(II)-MyT1-F2F3 shown in red, and 20 μM
Zn(II)-Q291R MyT1-F2F3 shown in green. All experiments
performed in 20 mM Sodium Phosphate, pH 7.5.

Figure 7. Change in anisotropy (as fraction bound) as NZF-1-F2F3,
shown in closed purple circles, and Q291R MyT1-F2F3, shown in
closed green circles, are titrated into β-RAR DNA. Example of the
control as Q291R MyT1-F2F3 is titrated into a random segment of
DNA is shown in open green circles. Inset shows change in anisotropy
as MyT1-F2F3 is titrated in β-RAR (closed red circles) and random
DNA segment (open red circles). Ten nM fluorescently labeled DNA
used for all experiments. All experiments were performed in triplicate
in 50 mM HEPES, 100 mM NaCl pH 7.5.
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ZFs? By mutating the coordinating and noncoordinating
histidine residues in a functional form of NZF-1 (NZF-1-
F2F3), we discovered that both histidines must be present in
order for the protein to recognize target DNA. Thus, the
noncoordinating histidine plays a critical role in DNA
recognitionpossibly via a stacking interaction with DNA
bases or via the stabilization of other essential DNA interacting
residues. In addition, we have discovered that MyT1-F2F3 can
be programmed to bind to the NZF-1-F2F3 DNA target with
high affinity and specificity via a single point mutation.
NZF-1 and MyT1 each contain multiple, highly similar ZF

domains that are organized in clusters (Figure 1a).29,30 The
DNA recognition sequence has only been defined for the F2F3
cluster of NZF-1.18 The role(s) of the additional ZF clusters
found in NZF-1 in DNA recognition are not known, and bona
fide DNA target sequences for MyT1 have not yet been
identified. Given the high degree of sequence similarity
between the ZFs, it is tempting to propose that the ZF
domains all recognize the same DNA sequence. However, as we
report here, MyT1-F2F3 does not bind to NZF-1-F2F3′s DNA
target sequences with high affinity. Similarly, MacKay and co-
workers have reported weaker binding of MyT1-F4F5 for NZF-
1-F2F3′s DNA target.27 Our discovery that a single point
mutation at one of the few less-conserved residues renders
MyT1-F2F3 capable of binding to NZF-1’s target DNA
suggests that the ZF clusters each recognize different DNA
target sequences, and it is the handful of less-conserved residues
within the amino acid sequence of the ZF domains that
determine which DNA sequence is recognized (Figure 8a).
This proposed model of DNA target recognition by NZF-1 and
MyT1 contrasts the DNA binding paradigm that is operative
for classical Cys2His2 ZFs. For classical ZFs, only a few amino
acids are conserved between the sequences of homologues, and
these conserved amino acids are essential for the fold of the
protein.69 There is great variability in the sequence of classical
ZFs outside of these residues, and this variability allows for
alternate DNA recognition properties (Figure 8b). Four key
positions in these ZF domains have been implicated in being
essential in DNA recognition, while single mutations in the ZF
domains of the NZF-1 proteins appear to completely alter
DNA recognition properties.10 The CCHHC family of
nonclassical ZF proteins are emerging as a new type of ZF
protein in which ZF domains contain highly conserved residues
that are likely important for protein fold but do not appear to
drive DNA recognition. Rather, it is the few less-conserved

residues that appear to dictate this DNA recognition. As such,
these CCHHC ZFs appear to utilize a completely different
mode of DNA recognition than the classical ZF proteins.
Further work to understand the determinants of DNA
recognition for the other ZF domains of both NZF-1 and
MyT1 are in progress.
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