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ABSTRACT: CCHH-type zinc fingers are among the most common DNA binding
motifs found in eukaryotes. In a previous report, we substituted the second ligand
cysteine residue with aspartic acid, producing a Zn(II)-responsive transcription factor;
this indicates that a ligand substitution is a possible design target of an engineered zinc
finger peptide. Despite the importance of Zn(II) binding with respect to the folding
and DNA binding properties of a zinc finger peptide, no study about the effects of
ligand substitution on both Zn(II) binding and DNA binding properties has been
reported. Here, we substituted a conserved cysteine (C) with other zinc-coordinated
amino acid residues, histidine (H), aspartic acid (D), and glutamic acid (E), to create
CXHH-type zinc finger peptides (X = C, H, D, and E). The Zn(II)-dependent
conformational change was observed in all peptides; however, the Zn(II) binding affinity and metal coordination geometry of the
peptides were different. Gel mobility shift assays showed that the Zn(II)-bound forms of the ligand-substituted derivatives retain
DNA binding ability, while the DNA binding affinity decreased in the following manner: CCHH > CDHH > CEHH ≫ CHHH.
The DNA binding sequence preferences of the ligand-substituted derivatives were similar to that of the wild type in the context
of the full three-finger DNA-binding domain of transcription factor Zif268. These results indicate that artificial zinc finger
proteins with various DNA binding affinities that respond to a diverse range of Zn(II) concentrations can be designed by
substituting the Zn(II) ligand.

The classical CCHH-type zinc finger motif is among the
most common DNA binding motifs found in eukaryotes.

The motif has been used as a template to engineer artificial
DNA-binding proteins because of its characteristic DNA
recognition ability. The motif contains a highly conserved
sequence, (Phe/Tyr)-X-Cys-X2−4-Cys-X3-(Phe/Tyr)-X5-Leu-
X2-His-X3−5-His, where X represents any amino acid.1,2 In
this motif, Zn(II)-binding sites serve a structural role. Binding
of Zn(II) to the peptide through conserved cysteine and
histidine residues is necessary for proper folding into a globular
ββα structure and for DNA binding.3 In typical CCHH zinc
finger peptides such as Zif268 zinc fingers, Zn(II) binding is
quite stable; thus, under physiological conditions, the peptides
can always bind DNA. We previously created a CDHH zinc
finger peptide by substituting the second ligand cysteine residue
of the second Zif268 zinc finger with aspartic acid.4 The
CDHH zinc finger showed an affinity for Zn(II) 500-fold lower
than that of the wild-type (WT) peptide (CCHH), resulting in
Zn(II)-responsive DNA binding. This allowed us to manipulate
the DNA binding affinity of the CDHH-type zinc finger protein
by changing the zinc ion concentration. These results suggest
that ligand substitution is a potential design target of
engineered DNA-binding zinc finger peptides. To date,
however, efforts to engineer zinc finger peptides have focused
on mutations of the DNA recognition helix.5−10

To further examine the effects of ligand substitution on metal
and DNA binding, we substituted the second cysteine with

other amino acids that may coordinate Zn(II). With few
exceptions, the donors for Zn(II) coordination found in natural
proteins are sulfur from cysteine (C), imidazole nitrogens from
histidine (H), and carboxylate oxygen(s) from aspartic acid (D)
or glutamic acid (E).11,12 Relatively few studies have reported
ligand substitutions in CCHH-type zinc finger proteins.13−17

Mackay et al. examined the Zn(II)-dependent conformational
changes and DNA binding properties of several CCHX zinc
finger derivatives.16 However, no other systematic study
combining the Zn(II) binding and DNA binding properties
of ligand-substituted zinc fingers has been reported. Inves-
tigations of the structural properties and DNA binding ability of
ligand-substituted zinc finger peptides should provide useful
information for the design of artificial DNA-binding proteins.
In this study, we created CHHH- and CEHH-type zinc

finger peptides, in addition to the previously reported CCHH-
type (WT) and CDHH-type peptides. The Zn(II) binding and
folding properties of these ligand-substituted peptides were
spectroscopically examined. We also prepared three-zinc finger
peptides, ZF3(CXHH) (X = C, H, D, and E), in which the
second finger of the Zif268 zinc finger domain was substituted
with the CXHH-type to investigate the DNA binding
characteristics.
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■ MATERIALS AND METHODS

Peptide Synthesis and Purification. The synthesis of
f2(CXHH) was conducted by Fmoc-solid-phase synthesis on a
Rink amide resin, such that each peptide has a C-terminal
amide structure.4 The fidelity of the products was confirmed by
matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF MS) using a microflex system
(Bruker Daltonics): f2(CHHH) [M + H+] calcd 3441.7,
observed 3441.9; f2(CEHH) [M + H+] calcd 3433.5, observed
3433.8. As for f2(CCHH) and f2(CDHH), the previously
synthesized peptides were used.4

UV−Vis Absorption Spectroscopy. The UV−vis absorp-
tion spectra of f2(CXHH) peptides (100 μM) were recorded
on a Beckman Coulter DU640 spectrophotometer at room
temperature in 10 mM Tris-HCl (pH 7.5) buffer containing
NaCl (100 mM) and 250 μM CoCl2 in a 1 cm path-length cell.
Subsequently, 500 μM ZnSO4 was added to the samples. All
the presented spectra were normalized using the equation ε =
A/lc, where ε is the extinction coefficient (M−1 cm−1), A is the
absorbance, l is the path length of the cell (centimeters), and c
is the peptide concentration (molar).
Circular Dichroism Spectroscopy. The CD spectra for

f2(CXHH) were recorded on a Jasco J-820 spectropolarimeter
in 10 mM Tris-HCl (pH 7.5), 100 mM NaCl, and 60 μM zinc
finger peptide in the presence and absence of 20, 40, 60, and 80
μM ZnSO4 at 20 °C in a 0.1 cm path-length cell under an
atmosphere of nitrogen. The spectra were recorded from 200 to
260 nm in continuous mode with a 1 nm bandwidth, a 1 s
response, and a scan speed of 50 nm/min. The Zn(II) titration
experiments were conducted by monitoring the CD ellipticity
at 222 nm under the competitive conditions between zinc
finger peptides and EGTA, as described previously.4 Variable-
temperature experiments were performed using 30 μM zinc
finger peptide in the presence of 100 μM ZnSO4 at 2 °C
increments between 20 and 80 °C with an equilibration time of
2 min.
Construction of Plasmids and Preparation of Proteins.

The expression vectors for ZF3(CXHH) were constructed as
previously described,4 based on ZifZF3-pEV3b.18 ZF3(CXHH)
proteins were expressed in Escherichia coli strain BL21(DE3)
(Novagen) and purified as previously described.4

Electrophoretic Mobility Shift Assays (EMSAs). The
EMSAs were conducted under the following conditions. Each
reaction mixture contained 10 mM Tris-HCl (pH 8.0), 50 mM
NaCl, 1 mM dithiothreitol, 10 μM ZnSO4, 0.05% Nonidet P-
40, 20 ng/μL calf thymus DNA, 40 ng/μL BSA, 5% glycerol,
2.5 nM FITC end-labeled target DNA fragment, the serially
diluted zinc finger protein, and/or 100 μM EDTA. After being
incubated at 20 °C for 3 h, the samples were electrophoresed in
an 8% polyacrylamide gel with 89 mM Tris-borate buffer at
room temperature. The bands were visualized using an
LAS9000 detection system (GE Healthcare) and analyzed
using ImageJ. The equilibrium dissociation constant (Kd) of
each protein−DNA fragment complex was evaluated by fitting
the experimentally obtained values for the fraction of labeled
DNA bound to the protein (θb) to eq 1 using KaleidaGraph
(Abelbeck software).
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In the EMSA for examining DNA binding selectivity, 64
FITC end-labeled DNAs containing a Zif268 targeting
sequence (5′-GCG NNN GCG-3′) were used. The 64 template
oligonucleotide DNAs [5′-GATCG AATTC GGAAA ACGCn
nnCGC TTCAA GGATC CGTCT-3′ (n = A, C, G, or T)]
were polymerized using a 5′-FITC-labeled primer (5′-AGACG
GATCC TTGAAG-3′). The EMSAs were performed in the
same buffer described above with a constant concentration of
each zinc finger peptide, at which the ratio of the shift band for
NNN = TGG becomes ∼90%.

■ RESULTS AND DISCUSSION
Association of Zn(II) with the Ligand-Substituted Zinc

Finger Mutants. We synthesized and evaluated CXHH-type
single-finger peptides, f2(CXHH) (X = C, H, D, and E) (Figure
1A). The metal−peptide coordination chemistry was inves-

tigated by UV−vis absorption spectroscopy. Because Zn(II) is a
spectroscopically silent ion in the visible region of the
electromagnetic spectrum, Co(II) was used as a spectroscopic
probe for the zinc site.3 The UV−vis spectra of the Co(II)
complexes of the f2(CXHH) peptides are shown in Figure 2.
The intense absorption bands in the near-UV regions are
indicative of the Cys-S−−Co(II) ligand-to-metal charge transfer
(LMCT) transition.19 The magnitude of the extinction
coefficient (ε) at 320 nm reflects the number of thiolate
groups coordinated to the metals and averages ∼900−1200
M−1 cm−1 per S−−Co(II) bond.20,21 It is also known that
optical transitions of a tetrahedral Co(II) species exhibit intense
d−d absorption bands (ε > 300 M−1 cm−1) in the region of 625
± 50 nm, derived from a relatively small ligand field
stabilization energy.22 In this study, the ε values at 320 nm
were 1840 M−1 cm−1 for f2(CCHH) and 950 M−1 cm−1 for
f2(CHHH), suggesting that f2(CCHH) and f2(CHHH) use
two thiol groups and one thiol group to coordinate with
Co(II), respectively. Intense absorption bands around 625 nm
were also observed for f2(CCHH) and f2(CHHH). These

Figure 1. (A) Amino acid sequences of ligand-substituted finger 2
peptides of the Zif268 zinc finger domain. The second cysteine residue
was substituted with histidine, aspartic acid, or glutamic acid. Asterisks
denote the conserved Zn(II) ligands of the CCHH-type zinc finger
domains. The positions of ligand substitution are shaded. (B)
Schematic representation of a three-finger protein, ZF3(CXHH),
containing a CXHH-type finger at finger 2 of the three-zinc finger
domain of Zif268. The DNA sequence indicates the typical Zif268
binding sequence. The DNA triplet recognized by finger 2 was
randomized to NNN (N = A, C, G, or T) for the DNA binding
specificity experiments.
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results indicate that the f2(CCHH) and f2(CHHH) peptides
have the typical tetrahedral Co(II) coordination geometry. The
binding of Zn(II) to these peptides was shown by the
disappearance of absorption bands when a 2-fold excess of

Zn(II) ion compared with Co(II) was added (Figure 2A,B). On
the other hand, f2(CDHH) and f2(CEHH) showed small
LMCT and d−d absorption bands, suggesting that the Co(II)
coordination geometry of f2(CDHH) and f2(CEHH) is

Figure 2. UV−vis absorption spectra of f2(CXHH) peptides (100 μM) in the presence of 250 μM Co(II) (red) and following the addition of 500
μM Zn(II) (black): (A) f2(CCHH), (B) f2(CHHH), (C) f2(CDHH), and (D) f2(CEHH). The inset in panel D represents enlarged spectra
between 400 and 700 nm.

Figure 3. CD spectra of f2(CXHH) peptides (60 μM) in the absence and presence of 1/3,
2/3, 1, and

4/3 equiv (20, 40, 60, and 80 μM, respectively)
of ZnSO4: (A) f2(CCHH), (B) f2(CHHH), (C) f2(CDHH), and (D) f2(CEHH).
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different from that of f2(CCHH) and f2(CHHH). However,
the fact that the d−d absorption bands disappeared upon
addition of a 2-fold excess of Zn(II) ion compared with Co(II)
indicated that a Co(II) ion was substituted with the
spectroscopically inert Zn(II) ion (Figure 2C,D).
Binding of Zn(II) to the ligand-substituted zinc finger

peptides was also confirmed by CD spectra showing Zn(II)-
dependent conformational changes (Figure 3). In the absence
of Zn(II), all of the peptides exhibited a negative band near 200
nm, suggesting that the peptides are in a largely random coil
conformation. The addition of Zn(II) induced negative molar
ellipticity around 208 and 220−230 nm, characteristic of a zinc
finger structure containing an α-helix and a β-sheet. The CD
spectral changes were saturated by the addition of equimolar
Zn(II) concentrations to the peptides. These observations
indicate that all of the peptides bind Zn(II) with a 1:1
stoichiometry and undergo a conformational change. This
occurred despite the overall structures being different from that
of f2(CCHH) (WT), as indicated by the CD spectra.
The binding affinity of f2(CXHH) for Zn(II) was

determined by monitoring the zinc-dependent negative Cotton
effect at 222 nm in the CD spectra under competitive
conditions with ethylenediaminetetraacetic acid (EDTA) or
ethylene glycol bis(2-aminoethyl ether)tetraacetic acid
(EGTA). As shown in Figure 4 and Table 1, the Zn(II)

dissociation constant of f2(CHHH) was 0.40 ± 0.092 pM,
which is more than 10-fold weaker than that of wild type
f2(CCHH) (0.025 ± 0.0077 pM)4 but stronger than that of
f2(CDHH) (11 ± 4.5 pM).4 The Zn(II) dissociation constant
of f2(CEHH) was 26 ± 13 pM, which is slightly weaker than
that of f2(CDHH).
These results indicate that the f2(CXHH) (X = C, H, D, and

E) peptides with metal-coordinated side chains positioned at
the second conserved cysteine residue can fold by Zn(II)
coordination. However, the substitution of ligand amino acids

markedly changed the Zn(II) binding affinity [f2(CCHH) >
f2(CHHH) > f2(CDHH) and f2(CEHH)] and the coordina-
tion geometry of a metal ion, especially in f2(CDHH) and
f2(CEHH).

Thermal Stability of f2(CXHH) Peptides. To estimate the
thermal stability of the ligand-substituted zinc finger peptides,
CD spectra were measured at various temperatures between 20
and 80 °C (Figure 5). All the peptides exhibited a linear
melting profile indicating weakly cooperative folding, consistent
with our earlier results.23−25 The WT peptide, f2(CCHH),
showed no remarkable changes around 208 nm and only a
slight decrease in ellipticity around 220−230 nm in a
temperature-dependent manner. This indicates that the
structure of f2(CCHH) is considerably stable, in agreement
with a previous report.23 Conversely, the ligand-substituted zinc
finger peptides, f2(CHHH), f2(CDHH), and f2(CEHH),
presented significant responses to temperature changes. The
ellipticity was decreased across a broad range (200−240 nm),
and the peak position of the negative Cotton effect observed at
208 nm and 20 °C was shifted to a shorter wavelength (∼204
nm) with an increase in temperature. These results suggest that
the overall structures of the ligand-substituted zinc finger
peptides are deformed at high temperatures and that the
thermal stabilities of the mutant peptides are lower than that of
the WT peptide.

Measurements of DNA Binding Affinity of ZF3(CXHH).
The DNA binding affinities of the CXHH-type (X = C, H, D,
and E) zinc finger peptides were examined using ZF3(CXHH),
in which the second zinc finger motif of the Zif268 zinc finger
domain was substituted with the CXHH-type peptide4 (Figure
1B). Figure 6 shows the results of EMSAs using FITC-labeled
DNA fragments containing the target sequence of Zif268, 5′-
GCG TGG GCG-3′, in the presence and absence of Zn(II).
The equilibrium dissociation constants between ZF3(CXHH)
and the target DNA in the presence of Zn(II) were determined
by fitting the fraction of peptide-bound DNA to eq 1 (Table 2).
Though ZF3(CDHH) and ZF3(CEHH) had lower affinities
for DNA than WT ZF3(CCHH) in the presence of Zn(II),
their dissociation constants remained in the range of 10−9 M,
whereas the DNA binding affinity of ZF3(CHHH) was very
low (3.5 × 10−7 M). The addition of 100 μM EDTA to the
reaction mixtures yielded an inability of the ligand-substituted
zinc finger proteins to bind DNA, whereas the WT maintained
its binding to the target DNA (Figure 6, bottom). These results
indicate that the binding of Zn(II) by peptides is necessary for
the ligand-substituted zinc finger proteins to bind the target
DNA. In addition, it suggests that the ligand-substituted
derivatives are more sensitive to a decrease in Zn(II)
concentration than is the WT, as expected from the low
Zn(II) binding affinities. The order of DNA binding affinities
(CCHH > CDHH > CEHH ≫ CHHH) was independent of
the metal binding affinities (CCHH > CHHH > CDHH and
CEHH) or the metal binding geometry. Previous reports
indicated that the bulkiness of the conserved hydrophobic
residues could influence DNA binding by a CCHH-type zinc
finger domain derived from the GAGA transcription factor.24,25

The DNA binding affinity of the ligand-substituted derivatives
may correlate with differences in whole zinc finger structures
depending on the bulkiness of the ligands.

Evaluation of Sequence Preferences of ZF3(CXHH).
The crystal structure of the WT zinc finger domain of Zif268
with DNA shows that Zif268 binds to the 5′-GCG TGG GCG-
3′ sequence. Each finger specifically recognizes a DNA triplet,

Figure 4. Zn(II) binding titration experiments for each finger 2
peptide. The calculated Kd values are listed in Table 1.

Table 1. Apparent Dissociation Constants for Binding
between Zn(II) and the f2(CXHH) Peptides

peptide Kd
a (pM)

f2(CCHH)4 0.025 ± 0.0077
f2(CHHH) 0.40 ± 0.092
f2(CDHH)4 11 ± 4.5
f2(CEHH) 26 ± 13

aKd values are averages of the results from three independent
experiments ± the standard deviation.
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using side chains of specific amino acid residues located on the

recognition helix.2,26,27 At the same time, selection and

microarray experiments demonstrated that Zif268 can also

bind to other DNA sequences, especially 5′-G-C-G-T/g-G/A-

G-G-C/a/t-G-3′ (lowercase letters indicate bases selected less
frequently).28,29 There has yet to be a study identifying the
relationship among DNA binding specificity, affinity, and metal
binding properties. It is intriguing to investigate the effects of
ligand substitution on DNA binding specificity. We prepared 64
kinds of dsDNA fragments, including 5′-GCG NNN GCG-3′
(N = A, C, G, and T; 43 = 64), in which the triplet subsite of
the second finger (5′-TGG-3′ for the wild type) was substituted
with NNN. EMSAs were performed for all 64 DNAs using a
constant protein concentration, at which an ∼90% band shift
was detected for the original target DNA (NNN = TGG). In
agreement with previous reports,28,29 ZF3(CCHH) bound
most strongly to the NNN = TRG (R = G and A) sequences,
followed by the GRG sequence. Weak DNA binding was
observed in the lanes with (A/C)RG and TYG (Y = C and T)
sequences (Figure 7A). The ligand-substituted zinc finger

Figure 5. Temperature-dependent CD spectra of f2(CXHH) peptides (30 μM) in the presence of 100 μM Zn(II) between 20 and 80 °C: (A)
f2(CCHH), (B) f2(CHHH), (C) f2(CDHH), and (D) f2(CEHH).

Figure 6. Gel mobility shift assay for ZF3(CXHH) proteins in the presence of 10 μM ZnSO4 (top) and an additional 100 μM EDTA (bottom). The
FITC-labeled dsDNA fragment containing 5′-GCG TGG GCG-3′ was used. Lanes 1−9 contained zinc finger concentrations of 0, 0.7, 2.1, 6.2, 19, 56,
167, 500, and 1500 nM, respectively: (A) ZF3(CCHH) (WT), (B) ZF3(CHHH), (C) ZF3(CDHH), and (D) ZF3(CEHH). The Kd values were
calculated and are listed in Table 2.

Table 2. Equilibrium Dissociation Constants of ZF3(CXHH)
and the Target DNA

peptide Kd
a (nM)

ZF3(CCHH)4 0.49 ± 0.09
ZF3(CHHH) 350 ± 45
ZF3(CDHH)4 2.1 ± 1.4
ZF3(CEHH) 9.8 ± 4.1

aKd values are averages of the results from three independent
experiments ± the standard deviation.
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proteins, ZF3(CHHH), ZF3(CDHH), and ZF3(CEHH),
presented a slightly limited, but mostly similar, DNA binding
pattern compared with that of WT. Namely, they showed
shifted bands for all NRG, with especially strong bands for
TRG and GRG (Figure 7B−D). The contributions of fingers 1
and 3 to the binding specificity of the finger 2 subsite may not
be negligible. In addition, EMSAs provide only crude and
qualitative insight into the binding specificity of the WT and
ligand-substituted zinc finger proteins. It is plausible, however,
that the DNA binding specificity is well preserved among the
ligand-substituted zinc fingers, at least in the context of a three-
finger DNA binding domain. It has been suggested that DNA
binding specificity is primarily determined by specific amino
acid residues located at positions −1, 2, 3, and 6 on the
recognition helix, based on the structure of Zif268 with
DNA.26,27 Our results using ligand-substituted zinc finger
proteins also support the importance of these amino acids in
DNA recognition.
In this study, we substituted a ligand cysteine residue of a

zinc finger peptide with histidine, aspartic acid, or glutamic acid.
It was determined that all peptides bind Zn(II) at a 1:1
stoichiometry, but that the binding affinity and coordination
geometry of Zn(II) depend on the ligand residues. We also
showed that all of the examined ligand-substituted zinc finger
proteins retained the ability to bind DNA in the context of the
full three-finger DNA binding domain in the presence of
Zn(II). Of special interest is the fact that the DNA binding
specificities of the ligand-substituted zinc finger proteins are
almost the same as that of WT, despite differences in the metal
binding characteristics, structural stability, and DNA binding
affinity. Thus, zinc finger-type DNA-binding proteins with
various DNA binding affinities that respond to a diverse range
of Zn(II) concentrations can be created by substituting the

Zn(II) ligand. Moreover, using the ScanProsite protein motif
scanning tool (http://prosite.expasy.org/scanprosite/)30 for
the pattern [YF]-X-C-X(2,4)-[DEH]-X(3)-[YF]-X(5)-L-X(2)-
H-X(3,5)-H indicates the existence of CXHH-type (X = D, E,
and H) zinc finger motifs. Our study also contributes to an
understanding of the biological significance of naturally
occurring zinc finger motifs with atypical Zn(II) coordination
sites.
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