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ABSTRACT: The binding events between damaged DNA and recognition biomolecules are of 

great interest for understanding of the activity of DNA-damaging drugs and the related DNA 

repair networks. Herein, a simple and sensitive sensor system was tailored for real-time probing 

the dynamic molecular recognition between cisplatin-damaged DNA (cisPt-DNA) and a cellular 

responsive protein, high mobility group box 1 (HMGB1). By integrating of flow injection 

analysis (FIA) with quartz crystal microbalance (QCM), the interaction time-course of cisPt-

DNA and HMGB1 domain A (HMGB1a) was investigated. The highly specific sensing interface 
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was carefully designed and fabricated using cisPt-DNA as recognition element. A hybrid self-

assembled monolayer consisting cysteamine and mercaptohexanol was introduced to resist non-

specific adsorption. The calculated kinetic parameters (kass and kdiss) and the dissociation constant 

(KD) demonstrated the rapid recognition and tight binding of HMGB1a towards cisPt-DNA. 

Molecular docking was employed to simulate the complex formed by cisPt-DNA and HMGB1a. 

The tight binding of such DNA-damage responsive complex is appealing for the downstream 

molecular recognition event related with the resistance to DNA repair. This continuously-flow 

QCM biosensor is an ideal tool for studying specific interactions between drug-damaged DNAs 

and their recognition proteins in physiological-relevant environment, and will provide a potential 

sensor platform for rapid screening and evaluating metal anticancer drugs. 

INTRODUCTION 

DNA damage, as a trigger for cell death, is one of the main strategies in cancer chemotherapy.
1,2

 

Many clinically used anticancer drugs including platinum-based drugs, doxorubicin and 

mitomycin take effect on DNA. As the response to DNA damage, cells have developed delicate 

and complicated molecular interaction network to modulate the downstream pathways, such as 

DNA damage repair, damage tolerance or apoptosis.
3-6

 Among these, molecular recognition 

events that block DNA repair processes thus determine the effectiveness of therapy emerge as a 

highlighted research field. 

To understand the initial signals in DNA damaging response, the binding events between the 

DNA-drug complex and the recognition biomolecules are extensively investigated by using 

affinity ligands.
7-9

 The photoaffinity labeling technique enabled the discovery of high-mobility 

group protein B (HMGB) for the recognition of cisplatin-damaged DNA.
7
 Recently, based on 

affinity gold nanoparticles and mass spectroscopy approach, nuclear protein positive cofactor 
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 3

PC4 was characterized as the protein responding to trans-platinum cross-linked DNA.
10

 Despite 

the great advances in revealing the cellular response proteins to DNA damage, the details of 

molecular interactions especially in terms of the dynamic recognition processes still lack of 

investigation.
11

 To investigate the kinetic interaction of DNA-HMGB1 complex, stop-flow 

analysis has been reported to access the biomolecular interactions.
12,13

 However, complicated 

fluorescence labeling is required, which makes the process labor-intensive and may affect the 

activity of biomolecules. Therefore, label-free, sensitive and real-time analysis of molecular 

recognition process in physiological relevant conditions is of great importance but continues to 

be a challenge. 

Quartz crystal microbalance (QCM) capable of sensing the mass loading on the crystal surface 

at the nanogram level has attracted wide attention in the fields of material science,
14,15

 

biophysics,
16-19

 organic reactions
20

 and bioanalysis.
21-25

 Combining with flow injection analysis 

technique (FIA), QCM becomes a powerful platform for on-line detection of recognition process 

of biological molecules in a label-free fashion.
26-28

 The FIA-QCM sensing system has 

demonstrated its effectiveness to analyze the kinetic processes of biomolecular binding events 

with the attempt to understand the structural/functional relationships.
29,30

  

The high-mobility-group box 1 (HMGB1) was a chromatin architectural factor having two 

tandem DNA-binding domains designated A and B.
31

 It has been confirmed that both of the 

domains can specifically bind to 1,2-intrastrand cross-linked DNA by cisplatin with domain A 

having a little higher affinity than domain B to the cisplatin-DNA adduct.
3,31,32

 The binding of 

HMG (high mobility group)-domain proteins to cisplatin-damaged DNA has been postulated to 

mediate the antitumor properties of the drugs. However, the binding kinetics between cisplatin 

damaged DNA and HMGB1 has not yet been well studied and remains unclear. 
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In current work, we presented a sensitive and effective method for real-time studying the 

specific molecular recognition and interaction between damaged DNA and cellular responsive 

proteins using the FIA-QCM biosensing system. To understand the mechanism of the cisplatin 

cross-linked DNA (cisPt-DNA) and its recognizable protein HMGB1 at molecular level, a highly 

selective sensing interface was fabricated with cisPt-DNA complex as biological recognition 

element. The dynamic association rate constant (kass), dynamic disassociation rate constant (kdiss) 

and equilibration dissociation constant (KD) of cisPt-DNA binding to the domain A of HMGB1 

(HMGB1a) were calculated through kinetic analysis. With the attempt to understand the 

structural elements underlying such kinetic behavior, further investigation into the binding 

conformations of the cisPt-DNA and HMGB1a complex was carried out by molecular modeling. 

EXPERIMENTAL SECTION 

Materials and Apparatus 

Cysteamine hydrochloride, 6-Mercapto-1-hexanol (MCH), bovine serum albumin (BSA), human 

serum albumin (HSA), lysozyme (LZM), human immunoglobulin (hIgG) were all purchased 

from Sigma (USA). HMGB1a (molecular weight is 9812.3 Da and the isoelectric point (pI) is 

10.1) was expressed and purified as a gift from professor Yangzhong Liu at University of 

Science and Technology of China.
33

 Cisplatin was obtained from Alfa Aesar (USA). The single-

stranded DNA fragment (5′-CCTCTCTGGACCTTCC-3′, ssDNA I), of which the two adjacent 

GG bases can bind to cisplatin to form a 1,2-intrastrand cross-linked DNA adduct, and its 

complementary strand with 5′-terminal thiol-modification (5′-SH-(CH2)6-

GGAAGGTCCAGAGAGG-3′, ssDNA II) were purchased from TaKaRa (Dalian, China). 

HMGB1a and the single stranded DNA were dissolved in 50 mmol L
-1

 triethylammonium 

acetate (TEAA) buffer and kept in -20°C freezer. All other chemicals were of analytical grade 
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 5

and used without further disposal. Unless otherwise mentioned, all solutions were prepared in 

TEAA buffer. Water was obtained from a Milli-Q gradient system (Millipore Inc., USA). 

The home-made FIA-QCM system used in this study was previously described in detail.
27,34

 

Briefly, the FIA-QCM system consisted of a flow-through cell (50 µL internal volume), a 

frequency oscillator (powered by 3V dc), a frequency counter (Model EE3386 universal counter, 

Nanjing Telecommunication Instrument Factory, Nanjing, China), an infusion pump (Model 

KDS 100, KD Scientific Inc., Holliston, USA), a HPLC injection valve (Rheodyne 7125, 

California, USA) and a computer with an in-house kinetic analysis software to record the 

frequency continuously. The AT-cut quartz crystals (12.0 mm diameter, 10 MHz resonant 

frequency) with gold electrodes (6.0 mm diameter) on both sides were purchased from Beijing 

Chenjing Radio Electronic Co., Ltd. (Beijing, China). 

Preparation of QCM biosensor  

The gold surfaces were first treated with Piranha solution (H2SO4:30% H2O2=3:1, v/v), rinsed 

with water and dried in nitrogen stream. Two ways were carried out to immobilize double 

stranded DNA (dsDNA) onto QCM crystal. In the first way, 50 µL of thiol-labeled ssDNA II (1 

nmol L
-1

) were dropped onto the cleaned gold crystals overnight at 4 
o
C to form a self-assembled 

monolayer of the ssDNA. Next, 50 µL of ssDNA I (5 nmol L
-1

) were dropped onto gold surface 

containing ssDNA II monolayer. Then the crystals were heated in water bath for 10 min at 70 

°C, slowly cool down to room temperature to hybrid dsDNA after removing heat source. Finally, 

50 µL of cisplatin solution (100 nmol L
-1

) were dropped onto the dsDNA immobilized crystals 

surface, and kept for 24 h at room temperature to form cisplatin-DNA adduct. In the second way, 

cisplatin cross-linked ssDNA I (cisPt-I) was first prepared and purified as described in the 

literature.
35

 Next, the platinated strand I and the thiol-labeled strand II were mixed with molar 
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ratio of 1:1.5. The mixture was heated in water bath for 10 min at 70 °C, then slowly cooled 

down to room temperature to form cisplatin cross-linked double stranded DNA (cisPt-DNA) 

complex after removing heating source. Finally, 50 µL of prepared thiol-labeled cisPt-DNA 

complex were dropped onto the freshly cleaned gold surface, and self-assembled for 12 h at 4 °C. 

A control sensor was also parallelly fabricated by fixing the undamaged dsDNA onto the sensor 

surface.  

In order to eliminate the non-specific adsorption of proteins onto the sensor, different surface 

blocking methods were investigated, including BSA blocking and cysteamine/MCH blocking. 

The blockings were carried out after the cisPt-DNA immobilization. For BSA blocking, a 

solution containing 0.25 mg/mL BSA was dropped onto gold surface and incubated for 2 h at 37 

o
C. For cysteamine/MCH blocking, the dsDNA-modified gold crystal were immersed into a 

mixture solution containing 20 mmol L
-1

 cysteamine and 1 mmol L
-1

 MCH, then incubated for 2 

h at room temperature in dark. After blocking, the crystal surface was rinsed with large amount 

of TEAA buffer to get rid of residual solution after the reaction. Blank sensors were also made 

only by modifying BSA and cysteamine/MCH on the bare crystals, respectively. 

FIA-QCM detection procedures 

The cisPt-DNA immobilized QCM crystal was mounted in the flow through system by two 

silicon rubber O-rings and rinsed with carrier buffer (50 mmol L
-1

 TEAA-100 mmol L
-1

 NaClO4) 

continuously at a flow rate of 30 µL min
-1

. After a stable baseline was achieved, 300 µL of 

HMGB1a solution in a series of dilutions were injected into the fluid system via the injection 

valve. The curves of frequency versus time were recorded and the binding process of HMGB1a 

and cisPt-DNA was monitored in real time. After each measurement, the QCM biosensor surface 
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 7

was regenerated for next determination by injecting 600 µL NaClO4 solution (2 mol L
-1

) to 

dissociate the bound HMGB1a. 

Molecular docking 

Protein-DNA docking studies were carried out using Hex 8.0.0 program. Structures were 

modeled using 3D parametric functions which encoded surface shape, electrostatic charge and 

potential distribution. During the docking, both HMGB1a protein and DNA strands were 

permitted to move and rotate along x, y and z directions. With the fast Fourier transform (FFT) 

based docking approach, binding modes with the most favorable binding energies were 

evaluated. The crystal structures of HMGB1a and cisPt-DNA complex were extracted from the 

protein data bank (PDB 1CKT). All water molecules were deleted, and polar hydrogen atoms 

were added to HMGB1a. Finally, the docking results were re-constructed by Pymol. 

RESULTS AND DISCUSSION 

Design and fabrication of sensing interface 

The preparation procedure of the QCM sensor is illustrated in Scheme 1. Thiol-functionalized 

DNA was used to modify the gold surface of QCM crystal. Two different strategies were 

designed to establish the cisplatin damaged DNA recognition layer on the sensor surface. For the 

first approach, as shown in Scheme 1a, the thiol-labeled ssDNA II was firstly self-assembled 

onto the crystal surface to form the monolayer of ssDNA, then the complementary-ssDNA I was 

added for in situ hybridization. After annealing, cisplatin was dropped onto sensor surface to 

induce the 1,2-intrastrand d(GpG) cross-links. Thus the cisPt-DNA functionalized QCM 

biosensor was obtained. According to the frequency shifts, the signal decrease caused by ssDNA 

II self-assembly and DNA hybridization were 39 ± 3 Hz and 19 ± 8 Hz, respectively (n = 5). The 

density of ssDNA II and I on gold surface was calculated as (2.0 ± 0.15) × 10
13

 molecules cm
-2
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 8

and (1.1 ± 0.45) × 10
13

 molecules cm
-2

, respectively, based on Sauerbray equation.
36

 Since the 

increased mass on the crystal surface totally resulted from the complementary DNA strand 

involved hybridization reaction, DNA hybridization efficiencies can be calculated to be as 55%. 

The second functionalization approach is illustrated in Scheme 1b. In a tube, the cisplatin-

cross-linked ssDNA I (cisPt-I) was firstly prepared, followed by the hybridization of cisPt-I with 

the thiol-modified ssDNA II in solution. After the formation of cisPt-DNA complex, cisPt-DNA 

containing thiol at 5′-terminal was assembled onto the gold surface. QCM frequency decrease 

caused by cisPt-DNA complex was 30 ± 3 Hz (n = 5) and the corresponding surface density was 

(8.1 ± 0.8) × 10
12

 molecules cm
-2

, which is lower than that of the first approach. Concerning the 

overall immobilization efficiency, although the first approach yields higher immobilization 

density, the effect from steric hindrance would hamper the molecular interaction between 

damaged-DNA and protein. The residual 45% ssDNA in the first approach may interfere the 

interaction between cisPt-DNA and HMGB1a (Scheme 1a). More importantly, the cross-links 

formed by cisplatin drugs could occurred in both dsDNA and ssDNA strands in the first 

approach since both of the ssDNA I and II have adjacent guanine base (1,2-GG) motifs, which 

may affect accurate interaction data between HMGB1a and cisPt-DNA. In comparison, in the 

second approach, the ssDNA I 5′-CCTCTCTGGACCTTCC-3′ only contains two G bases (G8 

and G9). After incubation with cisplatin, cisplatin induced cross-link is controllable and only 

happened intrastrand to G8-G9 base in ssDNA I. Based on the above considerations, the second 

immobilization method is ideal and chosen in further study. 
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 9

 

Scheme 1. Schematic illustration of two approaches for the immobilization of cisPt-DNA on the 

sensor interface. (a) ssDNA II was self-assembled firstly on sensor surface and hybridized with 

ssDNA I and then the formed dsDNA was cross-linked with cisPt. (b) CisPt cross-linked ssDNA 

I was firstly hybridized with ssDNA II and then the cisPt-DNA complex was self-assembled on 

sensor surface. 

Resisting the non-specific adsorption of HMGB1a 

Before applying the sensor for DNA-damage responsive protein sensing, the non-specific 

adsorption of the protein on the bare gold surface was examined (Figure 1a). A frequency 

decrease of 42 Hz was caused by HMGB1a injection. To eliminate such non-specific adsorption, 

traditional BSA blocking was firstly used to resist non-specific binding. After BSA treatment, 

the signal change induced by HMGB1a was reduced to only 3 Hz on the blank crystal (Figure 

1b). However, such BSA treatment also blocked the interaction between cisPt-DNA and 

HMGB1a. The frequency change from cisPt-DNA immobilized sensor upon HMGB1a injection 

was 7 Hz, indicating little binding of HMGB1 to cisPt-DNA (Figure 1b). This phenomenon may 

be most probably attributed to the steric hindrance from BSA blocker molecules. The three-

dimensional of BSA molecule is 5.5 × 5.5 × 9 nm,
37

 while the theoretical chain length of dsDNA 

containing 16 bases pairs is around 5 nm. Therefore, the large size of BSA leads to the shielding 

of cisPt-DNA and thus failure in HMGB1a binding. 
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 10

 

Figure 1. Fabrication of sensing interfaces with minimal non-specific adsorption. (a) Adsorption 

of HMGB1a on bare QCM surface. (b) Binding behavior of HMGB1a on BSA blocked (b1) 

blank crystal and (b2) cisPt-DNA immobilized sensor. (c) Binding behavior of HMGB1a on 

cysteamine/MCH blocked (c1) blank crystal and (c2) cisPt-DNA immobilized sensor. 

[HMGB1a] = 1 µM. 

The non-specific adsorption of proteins on sensor surface is closely related with the 

physiochemical property of the surface. Increasing the amount of hydrophilic groups on gold 

surface can efficiently resist non-specific adsorption of proteins.
38

 Moreover, regulating the 

charge of functional groups to make it electrically neutral or carrying same charge as binding 

proteins can also reduce non-specific adsorption.
39,40

 With this regard, cysteamine with small 

size and hydrophilic terminal group can be an ideal candidate. Its thiol group can easily self-

assembled onto gold surface of QCM crystal, while the amine group carries positive charge for 

resisting the adsorption of positively charged HMGB1a (pI = 10.1). The small size of cysteamine 

will not block the recognition sites on cisPt-DNA. In order to prevent flattening of the 

immobilized DNA chains on gold surface, 6-mercapto-1-hexanol (MCH) was also added as the 

blocking reagent. The molar ratio of cysteamine and MCH was optimized as 20:1. After treated 

with this blocking cocktail, a significant frequency shift of 21 Hz was detected after the injection 

of HMGB1a to cisPt-DNA modified sensor, while frequency decrement was only 4 Hz on the 

corresponding blank sensor (Figure 1c). The results thereby proved that cysteamine/MCH hybrid 
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 11

self-assembled monolayer can not only effectively resist non-specific adsorption, but also has 

negligible interference with recognition sites on cisPt-DNA complex to HMGB1a.  

Specificity and sensitivity of the sensor 

To evaluate the specificity of the QCM biosensor, proteins with different molecular weights and 

isoelectric points including HMGB1a, BSA, HSA, hIgG and LZM were injected successively 

into the FIA-QCM sensing system (5 µM, each). As shown in Figure 2a, the frequency shifts 

upon the injection of the control proteins are all lower than 10 Hz, which finally returned to the 

baseline with the rinsing of carrier buffer. On the contrary, the frequency decrease caused by 

HMGB1a was around 36 Hz. Even rinsed with carrier buffer for 20 min, the frequency kept 

constant. These results indicated no interaction between cisPt-DNA and BSA, HSA, hIgG, LZM 

proteins, and manifested the high selectivity of the FIA-QCM sensor towards HMGB1a. 

 

Figure 2. The selectivity of the sensor for detecting the binding between cisPt-DNA and 

HMGB1a. (a) Illustration and sensing of the binding behavior of BSA, HSA, hIgG, LZM and 

HMGB1a towards cisplatin damaged DNA on sensor. (b) Illustration and sensing of the binding 
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 12

behavior of HMGB1a towards non-damaged dsDNA immobilized sensor. The concentration of 

each protein is 5 µM.  

To specify that the sensing signal is caused by the recognition of HMGB1a towards cisplatin 

damaged-DNA, control sensor prepared with non-damaged dsDNA was also examined. As 

displayed in Figure 2b, although slight frequency change was detected upon HMGB1a injection 

at the beginning, the sensing curve gradually resumed to baseline, and the final frequency 

decrease was only 3 Hz. Such negligible response indicated that HMGB1a cannot bind to 

dsDNA without cisplatin binding. These results clearly confirmed that HMGB1a protein 

specifically recognize the cisplatin-damaged DNA with an intrastrand cross-link. 

The sensitivity of the biosensor was further investigated by monitoring the frequency response 

caused by the binding of HMGB1a at various concentrations on the QCM biosensor. With 

increasing concentration of HMGB1a, the trends of frequency response exhibited typical 

saturated binding curve (Figure 3a). When the HMGB1a concentration was 4 µM, the signal 

change almost reached saturation. A linear range (R = 0.979) of 0.2-2 µM was obtained (insert of 

Figure 3a). The limit of detection for HMGB1a is estimated to be down to 60 nM (S/N = 3), 

indicating the high sensitivity of the sensor for the detection of HMGB1a and its feasibility for 

studying the binding kinetics between HMGB1a and cisPt-DNA complex.  
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Figure 3. (a) Frequency changes of the cisPt-DNA immobilized sensor responding to different 

concentration of HMGB1a. Insert: diagram of the linear relationship between frequency change 

and the concentration of HMGB1a. Data were from three parallel experiments. The signal of 

noise is 0.2 Hz, which was calculated based on the standard deviation of eleven base line shifts 

of blank sample in 1 h.
41

 (b) Typical time-dependent sensing curves of the cisPt-DNA 

immobilized sensor responding to various concentration of HMGB1a ranging from 0-2.0 µM.  

Binding Kinetics of HMGB1a to damaged DNA 

The kinetics of the interaction between HMGB1a and cisplatin damaged DNA was monitored in 

real-time, based on the ability of QCM in detecting subtle mass changes associated with 

biological processes at the interface. The reaction between ligand immobilized on crystal surface 

and analyte in solution is often assumed to follow pseudo-first-order kinetics, which can be 

described as the following generalized equation (1):
20,42

 

��

��
= �����1 − ��� − �
���� (1) 

Under equilibrium conditions, the equation (1) can be reformed to equation (2),  

� =
�����

����� + �
���
 (2) 

From the kinetic point of view, integration of equation (1) yields the time fraction of surface 

coverage as a function of time: 

���� =
�

� + ��
��� ����⁄ �
[1 − exp	�−������ + �
������] (3) 

By substituting kobs=kassC+kdiss and θ (∞) =C/[C+ (kdiss/kass)], equation (3) can be simplified to: 

���� = ��∞�[1 − exp	�−������] (4) 
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Assuming that there is a linear relation between θ(t) and ∆F, according to Sauerbrey equation, 

equation (4) can be rewritten in terms of the measured frequency difference (∆F) as follows:  

∆�� = ∆��[1 − exp	�−������] (5) 

For association constant (KA) and dissociation constant (KD), 

�� = ���� �
���⁄              � = �
��� ����⁄  (6) 

Where θ is the fraction of surface covered, (1 − θ) is the fraction of surface exposed, C is the 

concentration of analyte in solution, kass and kdiss are the association rate constant and 

disassociation rate constant, respectively. ∆Ft is the frequency shift at time t and ∆Fe is the 

frequency shift at time t→∞, KA is association constant and KD is dissociation constant. 

The binding processes of HMGB1a towards cisplatin damaged DNA were monitored in 

various concentrations (0.2, 0.5, 0.8, 1.0, 1.5 and 2.0 µM) (Figure 3b). The observed rate 

constants kobs in different concentrations of HMGB1a can be extracted by fitting the 

experimental binding curves with equation (5) using nonlinear regression analysis.
34

 As an 

example, Figure 4a shows a representative fitting curve of the binding between 0.5 µM HMGB1a 

and cisPt-DNA complex. By linear fitting kobs versus C (Figure 4b), the kinetic constants of kass 

and kdiss were easily obtained as (2.97 ± 0.21) × 10
3
 L mol

-1 
s

-1
 and (8.47 ± 1.91) × 10

-4
 s

-1
, 

respectively. These results implied that the interaction between HMGB1a and cisPt-DNA was a 

fast association and slow dissociation process. The association constant (KA) was calculated as 

(3.50 ± 0.84) × 10
6
 L mol

-1
, i.e. the dissociation constant (KD) was (2.86 ± 0.67) × 10

-7
 mol L 

-1
. 

The fast association and the slow dissociation process suggested the rapid recognition and tight 

binding of HMGB1a to the cisplatin damaged DNA. Such specific and strong binding event 
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made HMGB1a shield the cisplatin damaged DNA from intracellular repair and guaranteed the 

cytotoxic effect of cisplatin towards cancer cells.
31,43

 

 

Figure 4. (a) A representative binding curve (dotted line) and fitting curve (solid line) for 

binding HMGB1a (0.5 µM) to cisPt-DNA immobilized QCM crystal. (b) Linear correlation of 

rate constant kobs against the concentration of HMGB1a. 

Due to the biological significance of DNA-HMGB1 interactions, many classic methods have 

been used,
13,32,44

 which provide comprehensive thermodynamic information on protein-DNA 

complexes. The values of calculated equilibrium dissociation constant (KD) were in the range of 

nanomolar to micromolar level depending on the different DNA sequences and sensitivity of the 

methods. In this work, the combination of FIA with QCM provides a continuous-flow system for 

the real-time analysis of the binding between cisplatin damaged DNA and HMGB1. Both kinetic 

and thermodynamic information of the interactions between cisplatin crosslinked DNA and 

HMGB1 were obtained simultaneously in biological-like environments. The obtained KD value  

is in good agreement with that from the stopped-flow fluorescent method (KD = 2.77 ± 1.31) × 

10
-7

 mol L 
-1

),
12

 demonstrating the effectiveness of our FIA-QCM method. 

Molecular docking 
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The specific interaction between HMGB1a and cisPt-DNA were further simulated by computer 

modeling software, Hex 8.0 program. Based on 3D fast Fourier transforms (FFTs) algorithm, the 

program gave the interaction energy (E-value) between HMGB1a and cisPt-DNA by considering 

shape density, electrostatic charge scoring, and potential scoring.
45

 The most favorable binding 

mode should give the lowest E-value and indicated the formation of the most stable complex. 

Given typical DNA sequence and cisplatin cross-linking procedure in this study (Scheme 1b), 

cisplatin induced cross-link only can happen intrastrand to G8-G9 base in ssDNA I (Figure 5a). 

The formation of such cisplatin cross-linked DNA adduct has been characterized in the previous 

work using MALDI-TOF-MS analysis.
10

 In this situation, a cisPt-DNA-HMGB1a complex with 

an E-value of -712.2 kcal/mol was simulated. The low interaction energy of the cisplatin 

damaged DNA and HMGB1a revealed high binding affinity and specificity, which are well 

consistent with the results from QCM sensing.  

 

Figure 5. The most favorable binding mode of (a) cisPt-DNA-HMGB1a complex (b) π-π 

stacking interaction and ten hydrogen bonds formed between HMGB1a and cisPt-DNA. 

The conformation and non-covalent bonding of the cisPt-DNA-HMGB1a complex were 

further analyzed based on the docking results together with the QCM data. Basically, the 

concave surface of HMGB1a binds to the minor groove of DNA duplex. With the 1,2-intrastrand 
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cross-links by cisplatin, the minor groove in the DNA is widened,
35

 and the resultant sharp bend 

of the duplex becomes more favorable for the accommodation of HMGB1a.
31,46

 As indicated in 

Figure 5b, residues Gly10, Lys11 and Ser14 at N terminal of HMGB1a, Phe37, Ser41, Lys42, 

Ser45 and Trp48 at Helix II of HMGB1a form multiple hydrogen bonds interaction with the 

minor groove of DNA duplex. The cooperation effect of such multi-site interactions between 

amino acids and nucleotides most probably contribute to the fast binding kinetics of HMGB1a 

with cisPt-DNA (2.97 × 10
3
 L mol

-1 
s

-1
). It is also notable the critical roles of Phe37, whose 

aromatic side chain intercalates into the hydrophobic cleft at the G8-G9 base pair cross-linked by 

cisplatin. The π-π stacking of the phenyl ring of Phe37 onto G9 base in the cleft further 

reinforces the interaction and stabilizes the complex, which leads to the difficult dissociation of 

the complex.  

Although molecular docking is a useful tool for analyzing the binding site between 

biomolecules, it is still a predictive approach for structure analysis. In order to confirm the 

molecular conformation during interactions, the X-ray crystal structure was further referred.
31,47

 

With the same DNA sequences and cross-linking methods,
10,15,34

 the revealed hydrogen bonding 

and π-π stacking interaction between cisplatin-damaged DNA and HMGB1a localized at 

different amino-acid residues and nucleotides are in agreement with those obtained from X-ray 

crystal result.
31

 In complicated biosystems, competitive binding between various protein and 

DNA is usually kinetically controlled. Those with fast binding kinetics will bind first and play 

the dominant roles. The attempt to find structural elements affecting the kinetic behavior 

between cisplatin-damaged DNA and HMGB1a would help understanding the mechanism 

behind DNA damage response network. The accordance in the structural aspects and kinetic data 
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from QCM investigation infers the effectiveness and promising perspective of QCM biosensor 

for the evaluation of the molecular recognition events induced by new DNA damage agents.  

CONCLUSION  

A sensitive and highly specific sensor system was tailored for the investigation of dynamic 

interaction between cisplatin damaged DNA and cellular responsive protein HMGB1 represented 

by domain A. The integration of flow injection analysis with QCM facilitates the real-time 

monitoring the time courses of frequency changes induced by the recognition and binding of 

HMGB1a towards cisplatin damaged DNA in solution. The kinetic parameters, association and 

dissociation rate constants, demonstrated the rapid formation of cisPt-DNA-HMGB1a complex. 

The dissociation constant revealed the strong interaction between cisplatin damaged DNA and 

the cellular responsive protein HMGB1a. Molecular docking results further confirmed the high 

affinity binding sites between cisplatin damaged DNA and HMGB1a. Such cisPt-DNA-

HMGB1a complex can shield the damaged DNA and further block the intracellular DNA repair. 

The label-free QCM sensor is an ideal tool for studying the specific interaction between drug-

damaged DNA and their recognition protein in physiological environment, and will provide a 

potential sensor platform for rapid screening and evaluating of new DNA-targeting metal 

anticancer drugs. 
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