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ABSTRACT

The interaction between the zinc finger transcription factor (ZF–TF) and a specific DNA sequence is characterized by energy
landscape parameters such as the dissociation rate constant and binding free energy. Heavy metals, such as lead (Pb) and
cadmium (Cd), disturb transcription processes by changing the DNA-binding affinities of ZF–TF. To investigate the interference
of heavy-metal ions with DNA transcription, we determined the unbinding force between ZF–TF and DNA by atomic force
microscopy (AFM). The results suggest that the binding affinity of this complex is stronger in Pb(II) solution than under normal
conditions, while the binding affinity in Cd(II) solution is weaker than under normal conditions. Thus, ZF–TF is an important target
for heavy metal poisoning. Gold (Au) has a high affinity with cysteine residues, and so, it effectively coordinates with ZF–TF. AFM
was employed to detect the molecular interaction force between ZF–TF and DNA in an Au(I) environment. Data analysis demon-
strated that Au(I) helps restore normal binding affinity. The measurement of the unbinding force enabled us to quantify the bind-
ing free energy in the dissociation process. Alterations of kinetic parameters, which describe the energy landscape, are
associated with metal poisoning disease and can be used to screen drugs for heavy-metal induced disease.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5063863

The zinc finger transcription factor (ZF–TF) is a common
modulator of gene transcription in eukaryotic cells.1 The stability
of ZF–TF binding with specific DNA sequences in the upstream
region of target genes is reflected by the interaction energy. The
Zn(II) ion coordinates with cysteine and histidine residues to
facilitate protein folding and recognize the correct DNA
sequence.2 However, heavy metal ions interfere with ZF–TF and
subsequently change its binding capability,3,4 as shown in Fig.
1(a). A potential mechanism of metal toxicity and carcinogenesis
caused by ions such as As(III),5,6 Cd(II),7,8 Hg(II),9 and Pb(II)10

involves the abnormal activation of ZF–TF. Pb(II) has a distinct
neurotoxicity via altering the binding of ZF–TF in the cerebel-
lum, resulting in abnormal gene transcription and protein syn-
thesis.11 Exposure to Cd(II) causes glucosuria via reduced Sp1
binding to the CG sequence in the SGLT promoter in vitro.8

Furthermore, substitution of Zn(II) in Xeroderma pigmentosum
complementation group A (XPA) by Cd(II) directly damages

XPA.12 This relatively easy substitution in vivo causes the defor-
mation of ZF–TF and diminishes its DNA-binding capacity.13

The atomic force microscopy (AFM)-based force measure-
ment is an effective method for evaluating intramolecular and
intermolecular forces.14 The former refers to forces within a pro-
tein, which contribute to determining the protein structure and
stabilizing protein folding. For example, the mechanical stability of
the Zn-thiolate bond in protein folding has been quantified.15

Intermolecular force between two biological molecules is fre-
quently determined by AFM.16,17 By measuring the unbinding
forces between them, various important parameters such as the
bond dissociation rate and unbinding kinetics can be deter-
mined.18,19 With these parameters, energy landscape can be
reconstructed.20,21 As the presence of heavy metals greatly affects
these parameters in ZF–TF, AFM-based measurements provide an
opportunity to identify the energy landscape as shown in Fig. 1(b).

Appl. Phys. Lett. 114, 013701 (2019); doi: 10.1063/1.5063863 114, 013701-1

Published under license by AIP Publishing

Applied Physics Letters ARTICLE scitation.org/journal/apl

https://doi.org/10.1063/1.5063863
https://doi.org/10.1063/1.5063863
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5063863
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5063863&domain=aip.scitation.org&date_stamp=2019-01-03
https://orcid.org/0000-0003-0175-566X
https://orcid.org/0000-0001-8431-096X
https://orcid.org/0000-0001-5255-1718
https://orcid.org/0000-0001-5002-2273
mailto:kinglai@cityu.edu.hk
https://doi.org/10.1063/1.5063863
https://scitation.org/journal/apl


The specificity protein (Sp) family transcription factor is a
ZF–TF with a critical role in cellular processes, including prolif-
eration and oncogenesis.22 It is dependent on zinc coordination
and has a classical bba-zinc-finger structure.23 This defined
structure is required to bind with GC boxes, which regulates
the transcription of genetic information from DNA to
mRNA.24 In the present study, the third finger of Sp1 (Sp1-f3)
was selected as a model for understanding how the different
metal-bonded ZF–TFs interact with DNA double strands. An
amyloid precursor protein promoter containing putative CG-
rich Sp1-binding sites was used as the target nucleic acid
sequence. For the AFM measurements, DNA molecules were
covalently anchored to the AFM tip, and Sp1-f3 molecules
were tethered on an Si substrate. AFM-based single-mole-
cule spectroscopy was then performed for the analysis of the
unbinding force and dissociation dynamics under physiologi-
cal conditions. Force–distance curves were obtained and
used to determine the unbinding force. During the retraction
process, the scanner pulls the tip away from the surface. The
peak in the non-contact position, where the dissociation
occurred, represents the unbinding force between the DNA
chain and Sp1-f3, as shown in Fig. 1(c). The downward peak in
the contact region indicates the adhesion force between the

tip and the sample surface. The unbinding force can be used
to derive kinetic parameters such as the dissociation rate
constant (koff).

In the AFM experiments, 2000 force–distance curves were
analyzed to obtain the unbinding force. Figure 2(a) shows the
representative force–distance curve of this specific unbinding
event. The force histogram fitted with Gaussian distribution as
shown in Fig. 2(b). The value of the first Gaussian-fitted peak of
the histogram represents the average unbinding force. The pos-
sible reason for multiple peaks is that the AFM probe is binding
with multiple pairs of molecules simultaneously. The characteri-
zation of the unbinding force of the Sp1-f3-DNA complex was
conducted with different loading rates. At each loading rate, the
single-molecule unbinding force was extracted. The Bell–Evans
model18,19 was used to obtain the kinetic and energy landscape
parameters at equilibrium. The relationship between unbinding
force and loading rate (r) is written as

F ¼ kBT
xb

ln
rxb

koffkBT

� �
¼ kBT

xb
ln rþ kBT

xb
ln

xb

koffkBT

� �
; (1)

where koff is the dissociation rate constants at the equilibrium,
xb is the distance between the bound state and the transition
state, kB is the Boltzmann constant, and T is the absolute
temperature.

The binding free energy (G) can be obtained using the fol-
lowing equation:25

FIG. 2. (a) Typical force–distance curve obtained from the Sp1-f3 modified tip and
the DNA-functionalized Si substrate in Zn(II) solution. (b) Representative histogram
of unbinding forces. Red solid line represents the Gaussian fitting result. (c)
Dynamic force spectrum of Sp1-f3 and DNA in Zn(II). The plot was obtained using
the Bell–Evans model. The error bars correspond to the standard deviation of the
unbinding force distribution. (d) Energy landscape for Sp1-f3 and DNA strands.

FIG. 1. (a) Illustration of the transcription factor mediated-transcription process. (b)
Energy landscape for dissociation of the Sp1-f3 and DNA strand. (c)
Representative force–distance curve for AFM measurements.
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G ¼ �kBTln
koffh
kBT

� �
; (2)

where h is Planck’s constant.

In the presence of Zn(II), the unbinding force of Sp1-f3 and
DNA was plotted against the natural logarithm of the loading
rates, as shown in Fig. 2(c). It was directly proportional to the
logarithmic loading rate according to the Bell–Evans model. The
solid line represents the fitting result based on the experimental
data. The values of koff and xb were obtained using Eq. (1). The
calculated value of xb was 0.1160.04nm, and koff was
102.86 49.4 s�1. The binding free energy was obtained by
substituting koff into Eq. (2). The value was 24.8360.48 kBT. The
energy landscape of Sp1-f3 and DNA in Zn(II) is shown in Fig.
2(d). Here, kinetic parameters in the disassociation process were
utilized for describing normal functional interactions between
Sp-f3 and DNA strands.

Toxic metal ions disrupt the tertiary structure of ZF–TF,
according to recent reports.3 Therefore, the effect of toxic met-
als on the binding activities of ZF-TF merits investigation. Pb(II)
affects recognition of gene promoters and results in gene over-
expression. To obtain the kinetic parameters underlying Pb(II),
we measured the unbinding force at different loading rates. Sp1-
f3 was pre-incubated with Pb(II) before the measurements. The
dynamic force spectrum is shown in Fig. 3(a). The corresponding
xb was calculated to be 0.2060.07nm and koff was calculated to
be 36.36 4.9 s�1. We found that koff in Pb(II) was smaller than
that in Zn(II), indicating higher resistance to an applied force.
The calculated binding free energy of Sp1-f3-DNA in Pb(II) was
25.7960.28 kBT, larger than that in Zn(II). This enhanced energy

reveals that the Sp1-f3-DNA bond in the Pb(II) environment can
resist higher forces, indicating a more stable condition during
Sp1-f3-DNA interactions. This stable complex formation may
promote the downward abnormal transcription process.

The AFM results demonstrate that Pb(II) acted to stabilize
the binding capability of Sp1-f3, which was caused by Pb(II)
substituting Zn(II). X-ray crystallography has confirmed that
Pb(II) substitutes for Zn(II) in metalloenzymes that contain Cys3
catalytic zinc sites.26 Other research demonstrated that Pb(II)
binds to and changes the fold of HIV nucleocapsid protein, a
Cys3His peptide. The altered fold was also supported by circular
dichroism (CD) and 1H nuclear magnetic resonance studies.27

The AFM-based measurements provided unbinding force attrib-
uted to the calculation of disassociation parameters in the Pb(II)
environment.

To further examine roles of other heavy metals, we investi-
gated the effect of Cd(II) on the sp1-f3–DNA interactions. The
Cd(II)-ZF–TF interaction results from its high affinity to SH
groups. Consequently, Cd(II) displaced Zn(II) and disturbed DNA
binding via the reaction Cd(II) þ Zn-Sp1–3! Cd-Sp1–3þZn(II).7

We pre-incubated an Sp1-f3-functionalized substrate with
Cd(II). The dynamic force spectra of Cd(II) are shown in Fig. 3(b)
(red line). Kinetic parameters for the dissociation dynamics were
obtained: xb was 0.0960.02nm and koff was 255.56 15.2 s�1. We
suggest that Cd(II) reacted with Sp1-f3 and subsequently
changed its binding capability. The kinetic parameters that sup-
ported the complex were less stable and dissociated rapidly
compared to the complex in Zn(II). The parameters that were
calculated from Eqs. (1) and (2) are summarized in Table I. Our
data are consistent with cell tests in which the presence of
Cd(II) inhibited DNA binding affinity.8 The exchange of Cd(II) for

FIG. 3. (a) Comparison of dynamic force
spectra of Sp1-f3 and DNA double strands
in Pb(II) and Zn(II) solution. (b) Comparison
of dynamic force spectra in Cd(II) and
Zn (II).

TABLE I. Comparison of kinetic parameters in the interaction process in different sol-
utions. Zn(II)-coordinated ZF-TF is the normal condition; substitution of Pb(II) or
Cd(II) for Zn(II) results in a toxic condition. Asterisks indicate statistical significance
using ANCOVA (**p< 0.01).

Ion Zn(II) Pb(II) Cd(II)

Distance between the
bound state and the transition
state xb (nm)

0.1160.04 0.2060.07 0.0960.02

Dissociation rate constant koff (s
�1) 102.8649.4 36.364.9** 255.5615.2**

Binding free energy G (kBT) 24.8360.48 25.7960.28** 23.9260.06** FIG. 4. Scheme of interaction of Sp1-f3 and Chloro(triethylphosphine)gold(I) and
zinc ejection.
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Zn(II) distorted the tetrahedral geometry of coordinated ligands,
including the orientation histidine imidazole, plane of imidazole,
and peptide backbone.7 Conformational perturbation altered
the stability of side-chain–base-pair interactions.7 Circular
dichroism (CD) observations suggest that the secondary struc-
ture of the Cd(II) bound peptide is much less ordered than that
with Zn(II).28 These observations highlight Cd(II) as a potential
factor in gene-related diseases. With its lower binding activity,
ZF–TFmay prevent the downregulated gene expression.

Therapeutic methods targeting ZF–TF are required. We
propose that Au(I) is an ideal therapeutic compound for prob-
lems induced by heavy ions. The Sp1-f3 structure is altered by
the presence of an Au compound.29 Owing to its thiol-rich
nature, thiophilic Au(I) electrophilic attacks ZF–TF and releases
Zn(II), resulting in a linear Cys�Au�Cys or Cys�Au�His coordi-
nation sphere.30 The reaction is described in Fig. 4. Biophysical
studies of the Au(I) compound on zinc fingers showed rapid dis-
placement of Zn(II), with the formation of “gold fingers”.28 It was
suggested that Au(I) has a four-fold higher binding affinity than
Zn(II) for the peptide.28 Electrospray ionization mass spec-
trometry and CD confirmed the ejection of Zn(II) from Sp1
after reaction with aurothiomalate, with a changed confor-
mation.28 Au(I) salts are frequently used in the treatment of
rheumatoid arthritis and inflammatory disorders. They
decrease the expression of pro-inflammatory genes by inhib-
iting AP-1 mediated transcription.31 The phosphine gold(I)
complex can act as a prodrug, as confirmed by X-ray crystal-
lography,32 suggesting an effective approach for reducing
poisoning. Chloro(triethylphosphine)gold(I) was examined
with respect to its specific reaction with ZF–TF in a previous
study.33 Furthermore, aurothiomalate is generally used
to inhibit binding of transcription factors TFIIIA and Sp1
to DNA.28

We performed AFM force measurements to explore the
applications of Au(I) compounds in therapy for heavy metal poi-
soning. When toxic Pb(II)-Sp1-f3 was treated with
chloro(triethylphosphine)gold(I), xb was 0.1160.03nm, and koff
was 115.86 14.2 s�1. Data analysis revealed that the measured
free binding energy was lower than that in Sp1-f3 treated with
Pb(II). The dynamic force spectrum is shown in Fig. 5(a). In a
similar experiment, Cd(II)-Sp1-f3 was treated with
chloro(triethylphosphine)gold(I); the results are displayed in Fig.

5(b). We determined the following kinetic parameters: xb

0.1460.03nm and koff 89.26 8.7 s�1. The experimental values for
the complex in Au(I) were compared with those obtained with
Zn(II), Pb(II), and Cd(II). The comparison of dissociation rate con-
stants is shown in Fig. 6. The results suggest that Au(I) treatment
helps restore the normal function of Sp1-f3. Thus, it has poten-
tial as a therapeutic method for heavymetal poisoning.

To conclude, we investigated the binding free energy
between DNA strands and ZF–TF in the presence of different
metal ions and compared the kinetic parameters of the dissocia-
tion process. Our results revealed that the metal type in the
complex with ZF–TF influences its binding to DNA, leading to a
promising strategy for understanding gene regulation and
developing effective therapeutics. Various metal ions were com-
pared with respect to koff, xb, and G, using Sp1-f3. Among these
ions, Pb(II)-substituted Sp1-f3 had the highest binding capability.
By contrast, Cd(II) led to a reduced binding affinity. These
parameters must be characterized for the elucidation of the
mechanisms of metal-mediated variation in transcription.
Targeting ZF–TF represents a potential approach to therapy for
heavy metal poisoning. Au compounds, including several
auranofin-inspired Au(I)-complexes, have received intense

FIG. 5. (a) Dynamic force spectrum of
Sp1-f3 and DNA double strands in Pb(II)
and Au(I). (b) Dynamic force spectrum of
Sp1-f3 and DNA double strands in Cd(II)
and Au(I).

FIG. 6. Comparison of dissociation rate constants in various solutions (**p< 0.01,
ANCOVA). Error bars indicate the standard deviation.
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attention owing to their promising cytotoxic and potential anti-
tumor activities. The toxic effects of Pb(II) and Cd(II)
on ZF–TF can be reduced by incubating them with Au(I)
complexes. AFM-based force spectroscopy is highly sensi-
tive to unbinding forces. The corresponding energy land-
scape can serve as a guide for disease development. Our
findings could guide future clinical approaches to drug
screening and drug combination therapies to alleviate the
toxic effects of heavy metals.

This work was supported by a GRF grant from the
Research Grant Council of the Hong Kong Special
Administrative Region Government (CityU11205514 and
CityU11205815) and City University of Hong Kong (CityU
9680104 and 7004911).
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