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Abstract 

Trueperella pyogenes (T. pyogenes) can cause a variety of infections in animals and lead to economic 
loss in animal husbandry. TatD DNases are considered to be potential virulence factors in Plasmodium 
falciparum and Streptococcus pneumoniae. However, the function of TatD DNases in T. pyogenes is 
still unclear. Therefore, the aim of this study was to illustrate the function of TatD DNases of T. 
pyogenes (TpTatDs) and investigate whether luteolin is able to inhibit DNase function. The findings 
of our study are anticipated to be crucial to treating infections caused by T. pyogenes. Bioinformatic 
analysis has been used for the prediction of crucial functional residues of TpTatDs. The function of 
TpTatDs was investigated in the presence of divalent cations by hydrolyzing DNA with recombinant 
TatD proteins. Luteolin is a candidate nuclease inhibitor evaluated in our study. The interactions 
between luteolin and TpTatDs were tested using molecular docking analysis and surface plasmon 
resonance (SPR) assays. The inhibitory effect of luteolin on TpTatDs was analyzed by agarose gel 
electrophoresis. Two genes in the genome of T. pyogenes are suspected to encode TatD DNases. 
According to the length of their nucleotide sequences, they were named tatD960 and tatD825. Both of 
the TpTatDs, which are magnesium-dependent, were able to hydrolyze linear DNA and plasmids. In 
this study, we found through molecular docking analysis and SPR assays that luteolin can stably bind 
with TpTatDs. The gel assay revealed that luteolin can inhibit the DNase activity of TpTatDs. Our 
results indicated that TatD DNases from T. pyogenes are Mg2+-dependent DNases and exhibit DNA 
endonuclease activity. Moreover, luteolin reduced their DNA hydrolysis ability by decreasing the 
binding between TpTatDs and DNA. 

Keywords: Trueperella pyogenes, TatD DNases, luteolin, DNA hydrolysis, molecular modeling, 
SPR. 

1 Introduction 

T. pyogenes is a gram-positive opportunistic pathogen commensally residing on mucous membranes. 
This pathogen can lead to mastitis, endometritis, cystitis, and orchitis by parasitizing the mucous 
membranes in many kinds of animals, such as swine, cattle and sheep [1,2]. T. pyogenes can cause 
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great economic losses in animal husbandry because of the resulting decrease in meat and milk 
production and reproductive difficulties in infected food-producing animals [3-7]. Infection caused by 
T. pyogenes in humans is mostly related to occupational exposure and often occurs in 
immunosuppressed patients [8,9]. Potential manifestations of resulting inflammation in the body 
include local ulcers, pneumonia, sepsis urethritis, endocarditis and various abscesses [10-14]. 
Therefore, T. pyogenes is thought to be a zoonotic pathogen [15,16]. 

TatD DNases exist widely in many kinds of organisms and are believed to perform several functions. 
For example, TatD DNases are capable of repairing their own DNA and are part of a quality control 
system that is intimately linked to the Tat export pathway in Escherichia coli [17-19]. On the other 
hand, TatD DNases are involved in programmed apoptosis in both Trypanosoma brucei and 
Phytophthora sojae, supporting the proliferation of these pathogens [20,21]. Moreover, TatD DNases 
from Plasmodium falciparum, African trypanosomes and Streptococcus pneumoniae are able to 
degrade neutrophil extracellular traps (NETs) and facilitate their escape from neutrophil immunity [22-
24]. However, the function of TatD DNase in T. pyogenes is still not reported. 

Due to their wide range of sources and low toxicity, medicinal plant-derived native compounds are 
attracting great public interest. Luteolin (3’,4’,5,7-tetrahydroxyflavone), a natural flavonoid rich in a 
variety of plant products, exhibits antimicrobial activity by damaging bacterial cell membranes, cell 
walls and biofilms [25-28]. The main strategies by which luteolin affects bacterial proteins include 
binding to or interacting with proteins, decreasing the secretion of proteins, and inhibiting protein 
expression [29-32]. Our preliminary data suggest that luteolin can affect the expression of proteins and 
interfere with the normal processes of T. pyogenes [33]. Interestingly, luteolin also exerted a significant 
inhibitory effect on the production of the MATE protein in T. pyogenes by downregulating the 
expression of the MATE gene [34]. However, the effect of luteolin on TatD DNases still needs to be 
further investigated. 

Therefore, our study aims to illustrate the function of TpTatDs and investigate the effect of luteolin on 
them. This study is anticipated to further reveal the potential application of luteolin as a potential 
DNase inhibitor for research on T. pyogenes. 

2 Results 

2.1 Sequence characteristics of TpTatDs 

Genes encoding two TatD DNases with similar structural domains were found in the genomic DNA of 
T. pyogenes, and the encoded proteins were named TatD DNase 960 and TatD DNase 825. A search 
of the Pfam protein family database using the T. pyogenes tatD genes showed that the proteins encoded 
by the two genes belong to the TatD (PF01026) family, which is a family of proteins with TIM-barrel 
folds and conserved amino acid residues associated with DNase activity. Analysis using the SignalP 
4.1 prediction tool showed that the two TpTatDs lacked signal peptides. By constructing a phylogenetic 
tree of 53 DNases from different bacteria, we found that 33 of the TatD DNases had similarity at the 
evolutionary level and were distinguished from other species of DNases, suggesting that the TatD 
DNase is highly evolutionarily conserved (Figure S1). The amino acid sequences of TpTatDs were 
compared with those of homologs from S. aureus, E. coli, and S. pneumoniae using Clustal W and 
DNAMAN for multiple sequence alignment, as shown in Figure 1A. TatD homologs were conserved 
in bacteria, and the sequence identity found by multiple sequence alignment of TatD DNase amino 
acid sequences from S. aureus, B anthracis, S. pneumoniae, E. coli and T. pyogenes was 35.76%. The 
conserved sequences of TatD DNases from T. pyogenes and other bacteria may indicate that they may 
share similar functions. 
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The amino acid sequences of TatD DNase 960 and TatD DNase 825 from T. pyogenes were used for 
SWISS-MODEL homology modeling to establish the possible three-dimensional structure of TatD 
DNases (Figure 1B,C). Based on sequence analysis, it can be predicted that His29, His31, His106, 
Glu157, His194, His218 and Asp268 may be involved in binding metal ions in TatD DNase 960 and 
that Glu157, Glu266 and Asp268 may play a key role in the catalytic reaction (Figure 1B). In TatD 
DNase 825, His6, His8, His62, Gly91, His132, His164 and Asp212 may be involved in binding metal 
ions, while Gly91 and Asp212 may be crucial in the catalytic reaction (Figure 1C). 

 

Figure 1. Amino acid sequences analysis and prediction of the three-dimensional structure of TatD 
DNases. (A) Amino acid sequences alignment of TatD DNases from T. pyogenes using ESPript with 
its homologs from S. aureus, S. pneumoniae, B. anthracis and E. coli. The conserved residues are 
highlighted in white on a red background. The similar residues are presented in red in blue boxes. The 
residues contributing to metal binding and catalysis are marked with blue circles and pink stars, 
respectively. (B) Structural modeling of TatD DNase 960 using SWISS-MODEL. The best match was 
found to be with E. coli TatD (PDB ID: 1YIX). (C)Structural modeling of TatD DNase 825 using 
SWISS-MODEL. The best match was found to be with E. coli TatD (PDB ID: 3GG7). Metal-binding 
and catalytic residues in TatD are highlighted in the drawing. 
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2.2 Preparation of recombinant TatD proteins 

To investigate the functional characteristics of TpTatDs, recombinant proteins were generated and 
purified. The molecular weights of TatD DNase 960 and TatD DNase 825 with His tags were 37 kDa 
and 32 kDa, respectively (Figure 2A,B). 

  

Figure 2. Purification of TpTatD recombinant proteins and identification using Western blot. (A) The 
purified TatD 960 recombinant protein (37 kDa). (B) The purified TatD 825 recombinant protein (32 
kDa). Lane M: protein molecular weight standards; Lanes 1: SDS-PAGE analyses; Lanes 2: Western 
blot analyses. 

2.3 TpTatDs employ divalent metal ions for endonuclease activity 

An in-gel DNase activity assay showed that TatD DNase 960 and TatD DNase 825 have DNA 
degradation activity. Here, we demonstrated that divalent metal ions, including Mg2+, Ca2+ and Ni2+, 
promoted the DNA hydrolysis activity of TatD DNase 960 when recombinant TatD 960 proteins were 
incubated with DNA and various divalent metal ions (Figure 3A). Increasing the concentration of TatD 
DNase 960 or prolonging the reaction time improved the ability of TpTatD to hydrolyze DNA (Figure 
S2A,B). TatD DNase 960 hydrolyzed DNA in a Mg2+-dependent manner (Figure S2C,D). TatD DNase 
960 also hydrolyzed circular DNA, and Mg2+ promoted the degradation of plasmid pBR322 by TatD 
DNase 960 (Figure S4). The effects of temperature and pH on the DNase activity of TatD DNase 960 
were analyzed using a PicoGreen assay. The optimal reaction temperature for TatD DNase 960 was 37 
°C (Figure 4A,B). To determine the pH dependence of DNase activity, recombinant TatD proteins were 
incubated with mouse liver DNA in PBS buffer with a pH ranging from 6 to 9.5. The recombinant 
TatD 960 protein showed DNase activity over a wide pH range, with the maximum DNase activity at 
pH 8.0 (Figure 4C). 

Similar to that of TatD DNase 960, the catalytic activity of TatD DNase 825 showed metal ion 
dependence. Mg2+ and Ca2+ promoted DNA hydrolysis by TatD DNase 825 (Figure 3B). The DNase 
activity of TatD DNase 825 increased at higher concentrations of TatD DNase 825 and longer reaction 
times (Figure S3A,B). These results indicate that TatD DNase 825 is also a magnesium-dependent 
DNA endonuclease (Figures S3C,D, S4). The optimum reaction temperature for TatD DNase 825 was 
37 ℃, and the maximum activity of TatD DNase 825 occurred at pH 7.5 (Figure 4). The reaction 
conditions and enzymatic activity of TpTatDs were similar to those of DNase I, showing high industrial 
applicability (Figure 4C). 
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Figure 3. The effects of divalent metal cations on DNase activity of TpTatDs. Linear DNA was 
incubated in the absence (lanes 1, 4, 6, 8, 10, 12 and 14) or presence (lanes 2, 3, 5, 7, 9, 11 and 13) of 
TpTatDs and a variety of metal ions for 60 min at 37 °C. DNA was visualized by agarose gel 
electrophoresis. The concentration of metal ions was10 mM. (A) The DNase activity of TatD DNase 
960. (B) The DNase activity of TatD DNase 825.  

 

Figure 4. The effects of temperature and pH on DNase activity of TpTatDs. (A-B) Analysis of the 
effect of temperature on DNase activity of TpTatDs in the absence or presence of Mg2+ by PicoGreen 
assay. (C) Analysis of the effect of pH on DNase activity of TpTatDs in the presence of Mg2+ by 
PicoGreen assay. The reactions were performed in PBS buffer with pH ranging from 6 to 9.5. DNase 
I was used as a control. 

2.4 The interactions between luteolin and TpTatDs predicted by three-dimensional modeling 

We sought to verify whether luteolin could be an inhibitor of TatD DNase 960 and TatD DNase 825. 
The preferential mechanism of binding between TatD DNase and luteolin was established by molecular 
kinetics simulations, which showed a MolDock score of -109.598 kcal/mol for the TatD DNase 960-
luteolin complex and a MolDock score of -78.6995 kcal/mol for the TatD DNase 825-luteolin complex 
(Figure 5A,B). These results suggest that the formation of TatD DNase-luteolin complexes involves 
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hydrogen bonds, π-σ interactions, anion-π interactions and π-alkyl interactions, where luteolin is able 
to fall into the molecular binding pockets of TatD DNase 960 and TatD DNase 825 (Figure 5A,B). 

 

Figure 5. The interactions between luteolin and TatD DNases predicted by molecular modeling. (A) 
The model of interaction between luteolin and TatD DNase 960. (B) The model of interaction between 
luteolin and TatD DNase 825.The catalytic residues of interactions are highlighted in the enlarged 
view. 

2.5 Determination of affinities and kinetics of luteolin binding to TpTatDs using SPR 
technology 

We used a Biacore assay to further reveal the mechanism of action of luteolin binding with TpTatDs. 
The 1:1 binding model analysis indicated that luteolin was able to bind to TatD DNase 960 and TatD 
DNase 825 with associating kinetics and associated in a dose-dependent manner (Figure 6A,B). Small 
molecule protein affinity constants were typically 10-3-10-6 M. Affinity fitting models showed that 
luteolin exhibited a moderate binding affinity for TatD DNase 960 (KD=2.272×10-4 M) and TatD 
DNase 825 (KD=1.816×10-4 M). These data corroborate the results of the molecular docking assay, 
suggesting that luteolin is capable of stably binding to TpTatDs and that their binding may impede 
TatD DNase action. 
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Figure 6. Binding of luteolin and TatD DNases in Biacore assays. Luteolin was tested in various 
concentrations (3.125-50 µM). (A) Kinetic analysis of luteolin and TatD DNase 960. (B) Kinetic 
analysis of luteolin and TatD DNase 825. 

2.6 Gel assay of TpTatD inhibition by luteolin 

We previously demonstrated that TatD DNases with Mg2+ can fully degrade DNA. When we incubated 
TpTatDs with different concentrations of luteolin (0, 1/8, 1/4, 1/2, 1, 2, 4MIC) in the presence of Mg2+, 
we found that luteolin effectively inhibited the activity of luteolin (Figure S5). When the concentration 
of luteolin was greater than 1/2 MIC (39 µg/mL), luteolin started to inhibit the hydrolysis of DNA by 
TpTatDs, and the inhibitory effect of luteolin on TatD DNase 960 and TatD DNase 825 showed 
concentration dependence. 

3 Discussion 

T. pyogenes synthesizes a number of proteases and nucleases that are thought to be associated with 
bacterial survival and pathogenicity [15]. TatD DNase is an evolutionarily conserved protein in 
bacteria, and T. pyogenes expressed two TatD DNases. Our data suggest that TatD DNase 960 and 
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TatD DNase 825 of T. pyogenes are both Mg2+-dependent DNA endonucleases. Luteolin, a natural 
flavonoid, can bind to TpTatDs directly and inhibit their DNase activity by blocking their binding to 
DNA. 

In this study, we constructed a phylogenetic tree of 53 DNases from bacteria and found that TatD 
DNases are evolutionarily conserved, suggesting that TatD DNases may have similar structures and 
functions among bacteria (Figure S1). The TatD protein was first identified to be encoded in the Tat 
operon in E. coli but is not directly linked to the transport function of the tat operon, and it is thought 
to be a DNase associated with the tat-associated quality control system [17,19]. We observed that TatD 
DNase 960 and TatD DNase 825 of T. pyogenes are both divalent metal ion-dependent DNases. Mg2+, 
Ca2+ and Ni2+ were able to promote the hydrolysis of DNA by TatD 960, and Mg2+ and Ca2+ were able 
to promote the hydrolysis of DNA by TatD 825 (Figure 2A,B), similar to the function of the TatD 
DNase of E. coli [17]. Interestingly, in P. falciparum, the TatD DNase is considered to be a non-metal 
ion-dependent DNase; in Plasmodium knowlesi, Mg2+ promotes the enzymatic activity of the TatD 
DNase, and Cu2+ inhibits its hydrolysis of DNA; and hydrolysis mediated by TatD DNase of S. 
pneumoniae can be catalyzed by Ca2+ and Co2+ but inhibited by Mg2+ [22,24,35]. The activity of the 
TatD DNase of P. falciparum is similar to that of DNase II, which is repressed by divalent metal ions; 
TpTatDs are divalent metal ion-dependent DNases, which have properties more similar to DNase I. 
These functional differences may be caused by differences in the amino acid residues associated with 
the binding of metal ions by TatD DNases or by mutations in the TIM barrel structure to perform a 
specific role. Resembling the TatD DNases of E. coli, S. aureus, B. anthracis and S pneumoniae, TatD 
DNase 960 and TatD DNase 825 are both nucleic acid endonucleases with hydrolytic activity towards 
both double-stranded and circular DNA (Figure S4) [18,24,36,37]. TatD DNases from S. aureus have 
also been reported to have hydrolytic activity toward RNA [34]. 

The P. falciparum TatD DNase can degrade DNA in hosts when this pathogen escapes human 
immunity. When the body is infected with pathogens, neutrophils can produce reticular DNA structures 
called NETs, which can capture pathogens and kill them with antimicrobial peptides and other 
substances. The TatD DNase of P. falciparum can degrade NETs and help it escape neutrophil 
immunity. The TatD DNase of P. falciparum can also influence its pathogenicity and is a virulence 
factor [22]. The TatD DNase of S. pneumoniae, although lacking a signal peptide, can be secreted 
outside the bacterium by extracellular vesicles (EVs) and degraded to escape capture by NETs [24]. 
Studies on whether TatD DNases of T. pyogenes can mediate the ability to evade capture by NETs are 
still ongoing. TatD DNases may also be involved as a nuclease in the repair of DNA damage in the 
bacterium [18]. Therefore, the development of inhibitors of TatD DNases may limit the viability and 
pathogenicity of T. pyogenes, thus benefiting the treatment of clinically relevant diseases. 

The effects of luteolin on crucial targets in pathogens have been widely reported. Luteolin has the 
ability to block the entry of coronaviruses into host cells and to specifically inhibit the major protease 
3CL in the coronavirus infection cycle, thereby inhibiting viral infection [38,39]. The major flavonoid 
in honeysuckle, luteolin and its homologs can be used as influenza endonuclease inhibitors for anti-
influenza virus activity [40]. Metallo-beta-lactamase (MBL) is a kind of enzyme relevant to drug 
resistance in bacteria, and luteolin acts as an MBL inhibitor by occupying its active site [41]. Luteolin 
can also bind to histidine kinase through hydrogen bonding forces and π-π stacking interactions, 
resulting in an inhibitory effect on Thermotoga maritime [42]. YbeY is a highly conserved bacterial 
RNase of Liberibacter asiaticus, and luteolin has inhibitory effects on key residues involved in its 
catalytic activity [43]. Studies at the molecular level have revealed that luteolin is a candidate broad-
acting enzyme inhibitor in the antimicrobial field. The binding or inhibitory effects of luteolin on 
specific targets have been extensively studied in pathogens, but those of luteolin in T. pyogenes remain 
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unexplored. To determine the binding of luteolin to TatD DNases of T. pyogenes, the ligand-protein 
binding site was explored by molecular docking (Figure 5A,B). Our model suggests that luteolin can 
bind by forming a hydrogen bond with His106 of TatD DNase 960, which is predicted to be the key 
amino acid residue facilitating catalysis (Figures 1B,5A). Luteolin can also form hydrogen bonds with 
His164 of TatD DNase 825, interacting with Asp212 in a anion-π interactions (Figure 5B). His164 is 
assumed to bind to metal ions to promote enzymatic reactions, and Asp212 is a key amino acid residue 
for TatD DNase 825 to perform its function in the degradation of DNA (Figure 1C). This observation 
suggests that the intermolecular forces between these important residues and luteolin are likely to 
competitively inhibit the binding between TatD DNases and DNA and impede enzymatic activity, 
resulting in reduced or the complete loss of TatD DNase enzymatic activity. This hypothesis is also 
supported by the luteolin-TatD DNase molecular interaction analysis and gel assay (Figures 6,S5). We 
recommend that medicinal chemists interested in studying TatD DNase inhibitors use luteolin as a tool 
compound. Our study demonstrates that luteolin is able to bind stably to TpTatDs and inhibit DNA 
degradation; unfortunately, the mechanism of the pathogenic effect of TpTatDs is unclear and is being 
explored in our further studies. 

In conclusion, the following may be concluded: (i) TatD DNase 960 and TatD DNase 825 of T. 
pyogenes are DNA endonucleases with metal ion-dependent properties; and (ii) luteolin stably binds 
to TpTatDs and inhibits their DNase activity. Therefore, luteolin may be a potential inhibitor of 
TpTatDs, hindering the pathogenic development of T. pyogenes and providing a strategy to suppress 
bacterial infections in the clinic. 

4 Materials and Methods 

4.1 Animals 

Female Kunming mice (6-8 weeks of age) were purchased from Changsheng Biological Technology 
co., Ltd (Shenyang, China; Permit NO. SYXK<Liao>2020-0001) and maintained under specific 
pathogen-free conditions. The mouse livers were used to extract genomic DNA and every effort was 
made to minimize suffering. The animal study was reviewed and approved by Ethical Committee of 
Shenyang Agricultural University, China. 

4.2 T. pyogenes strains and culture 

The T. pyogenes isolate BMH06-3 was collected from dairy cattle in Liaoning, China, and identified 
by 16S rRNA gene sequencing [33]. T. pyogenes strains were cultured on Mueller-Hinton agar (MHA, 
Solarbio, Beijing, China) containing 5% (v/v) sheep blood (Solarbio, Beijing, China) in an incubator 
(5% CO2) at 37 °C for 36 h, and the colonies were inoculated in nutrient broth (NB, Solarbio, Beijing, 
China) supplemented with 8% (v/v) fetal bovine serum (FBS, Gibco, Grand Island, USA). E. coli 
strains BL21 (DE3) (TransGen Biotech, Beijing, China) and Trans-1-T1 (TransGen Biotech Beijing, 
China) were cultured in Luria-Bertani broth (LB, Solarbio, Beijing, China) at 200 rpm in a shaker or 
on LB agar plates supplemented with kanamycin (50 µg/ml) at 37 °C. 

4.3 Bioinformatic analysis of TpTatDs  

The gene sequences of TatD 960 and TatD 825 were searched in GenBank and matched with the 
genome of T. pyogenes isolate BMH06-3. The sequences of tatD960 and tatD825 were searched for 
the presence of conserved domains. SignalP 4.1 server (http://www.cbs.dtu.dk/services/SignalP-4.1/) 
was used to check for the presence of signal peptides in TpTatDs. MEGA5 software was used to infer 
a phylogenetic tree of 53 DNases, including TatD DNases and some extracellular nucleases, from 
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different bacteria. TatD amino acid sequences from S. aureus, Bacillus anthracis, S. pneumoniae, E. 
coli and T. pyogenes were aligned by Clustal W (https://www.genome.jp/tools-bin/clustalw) and 
presented by ESPript 3.0 (http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi). The identity rate for 
multiple sequence alignment of TatD DNase amino acid sequences was analyzed by DNAMAN 
software. Putative structures of TatD DNase 960 and TatD DNase 825 were predicted using SWISS-
MODEL (https://swissmodel.expasy.org/interactive) and drawn using PyMOL. The crucial functional 
residues were identified using the 3DLigandSite prediction server 
(http://www.sbg.bio.ic.ac.uk/3dligandsite/) with similar structures. 

4.4 Expression and purification of T. pyogenes TpTatD proteins 

The sequences encoding T. pyogenes TatD 960 and TatD 825 were PCR amplified from BMH06-3 
genomic DNA using PrimeSTAR HS (Premix) (TAKARA, Dalian, China). PCR amplification was 
carried out in a 50 μL reaction mixture containing each primer (0.1 mM), 25 μL of PrimeSTAR HS 
(Premix) (TAKARA), and 100 ng of template DNA. The thermal cycling conditions were identical for 
both primers: 30 cycles of 10 sec at 98 ℃, 5 sec at 68℃ and 1 min at 72℃. pET28a-tatD960 was 
constructed using the restriction enzymes HindⅢ and NdeⅠ, and the tatD960 amplicon was cloned into 
the digested expression vector pET28a. The same approach was used to construct pET28a-tatD825 
with the restriction enzymes BamHI and HindIII. The recombinant vectors were transformed into E. 
coli strain Trans-1-T1 (TransGen Biotech). The recombinant vectors were identified by PCR, 
restriction enzyme analysis and nucleotide sequencing. 

The recombinant vectors were transformed into E. coli strain BL21 (DE3) (TransGen Biotech) for 
expression. His-tagged recombinant TatD proteins were expressed in E. coli. The soluble proteins were 
purified by affinity chromatography column using His Gravi Trap (GE Healthcare, Uppsala, Sweden). 
The purified protein was evaluated by SDS-PAGE and Western blot analysis. Briefly, the recombinant 
protein was electrophoresed on 12% SDS-PAGE gels and was then transferred to 0.45 μm 
polyvinylidene fluoride using the wet transfer method. Rabbit polyclonal anti-6×His IgG (1:2,000) 
(BBI LIFE SCIENCE, Shanghai, China) was used as the primary antibody, and AP-labeled goat anti-
rabbit IgG (1:5,000) (BBI LIFE SCIENCE) was used as the secondary antibody. PVDF membranes 
were incubated in BCIP/NBT solution for 5 min, and images were acquired with a camera. 

4.5 Analysis of the DNase activity of TpTatDs 

Genomic DNA for this experiment was extracted from mouse livers using a TIANamp Genomic DNA 
Kit (TIANGEN Biotech, Beijing, China) according to the manufacturer’s protocol. The pBR322 
plasmid (1 µg/mL) was purchased from TAKARA Biomedical Technology Co., Ltd. (Dalian, China). 
The concentration of TpTatDs was quantified using a BCA Protein Assay Kit (Abcam, Cambridge, 
UK). DNA was incubated with TpTatDs (final concentrations: 0.5, 1, 2, 3, 4 and 5 μM) in PBS buffer 
(pH=7.4) in a final volume of 20 μL at 37 °C for 1 h. PBS buffer was used as a negative control. The 
reaction time was 5, 15, 30, 45 or 60 min. Six divalent metal ions were added to the reactions to test 
the facilitators of divalent metal ions. The influence of the concentration of Mg2+ (final concentrations: 
0, 2, 4, 6, 8 and 10 mM) on the function of TatD was investigated. To investigate the effect of TatD on 
circular DNA, plasmid pBR322 was cultured with TatDs at 37 °C for 1 h. The cultured mixture was 
analyzed using 1.0% agarose gel electrophoresis to determine whether the circular DNA was 
hydrolyzed. 

The DNase activity of TpTatDs was quantitatively analyzed using PicoGreen reagent to measure the 
fluorescence intensity. The assay is based on the ability of PicoGreen reagent to bind to double-
stranded DNA to enhance its fluorescence. The DNA substrate (200 ng) was incubated with TpTatDs 
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(2 μM) at different temperatures or pH values for 20 min prior to the addition of PBS buffer (pH=7.4) 
to bring the volume to 100 μL. PicoGreen working reagent was prepared by making a 1:200 dilution 
in TE buffer (pH=7.5). The reaction mixture was incubated with 100 μL of PicoGreen working reagent 
at 25 ℃ for 5 min. Two hundred microliter reaction systems were prepared in a 96-well fluorescence 
microtiter plate, and the fluorescence of the samples was measured using a VICTOR Nivo Multimode 
Plate Reader (PerkinElmer, Waltham, USA) at excitation and emission wavelengths of 480 and 520 
nm, respectively. The activity of TatD DNase was calculated using the following equation: DNase 
activity (%)= [(fluorescence of the DNA control − fluorescence of the treated sample)/fluorescence of 
the DNA control] ×100 [24]. 

4.6 Molecular docking analysis of luteolin and TpTatDs 

The molecular simulation software package Syby17.3 was used to generate the initial structure of 
luteolin, and the geometric structure of luteolin was optimized with the Tripos force field and 
Gasteiger-Marsili charge. Molecular docking analysis of TatD DNases and luteolin was carried out by 
AutoDock4.2 software. The Lamarckian genetic algorithm (LGA) was used to calculate the possible 
conformations of drug molecules that bind to the proteins. In the docking analysis, a maximum of 10 
conformations of the compounds were considered, and the conformations with the lowest binding 
affinity were used for further analysis. 

4.7 Molecular interaction analysis of luteolin and TpTatDs 

The Biacore T200 system (GE Healthcare, Uppsala, Sweden) was used to measure the surface plasmon 
resonance (SPR) spectrum using an NTA sensor chip (GE Healthcare) with immobilized TatD DNase 
960 and TatD DNase 825. Various concentrations of luteolin (3.125-50 µM) in PBS-P buffer were 
injected at a flow rate of 30 µL/min for 3 min at pH=7.4. The degree of luteolin binding to these TatD 
DNases was determined by measuring the SPR signal at the end of the dissociation phase. The rate 
constants, affinities and kinetics of the interaction between TatD DNases and luteolin were calculated 
by Trace Drawer (SPR Navi). The SPR Navi data viewer software extracted data before calculation in 
Trace Drawer. 

4.8 Gel assay of luteolin-TpTatD interactions 

Our previous research showed that the minimum inhibitory concentration (MICs) of luteolin against 
isolates of T. pyogenes is 78 μg/mL [33]. TatD DNases (2 μM) and different MICs (final 
concentrations: 0, 1/8, 1/4, 1/2, 1, 2 and 4 MIC) of luteolin were added to Eppendorf tubes and 
supplemented with PBS (pH=7.4) to 20 μL. The mixtures were incubated at 37 °C for 30 min. Genomic 
DNA from mouse livers was extracted with phenol/chloroform. Two hundred nanograms of DNA from 
mouse livers was added to 20 μL reaction systems and incubated at 37 °C for an hour. A 20 µL system 
containing only 200 ng of DNA in PBS buffer was used as a control. Then, the mixtures were 
electrophoresed on a 0.8% agarose gel at a constant voltage of 90 V for an hour and analyzed. 

4.9 Statistical analysis 

All assays were carried out in triplicate. The data are presented as the mean ± standard deviation (SD) 
values. Statistical analysis was performed using GraphPad Prism 5.0. 
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6 SUPPLEMENTARY FIGURES 

 

Figure S1. Phylogenetic tree of 53 DNases from bacteria constructed using maximum likelihood 
method. The DNases of bacteria are represented in different color shapes. TatD DNases of T. pyogenes 
are highlighted in red. 
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Figure S2. Mg2+-dependent DNase activity of TatD DNase 960. (A) TpTatD 960 can weakly degrade 

DNA. TpTatD 960 at various concentrations (0-5 µM) was incubated with DNA (200 ng) in PBS buffer 

(pH=7.4) at 37 °C for 1 h. (B) TpTatD 960 (5 μM) was able to hydrolyze DNA completely within 1h. 

(C) TatD 960 is a Mg2+-dependent DNase. DNA was completely hydrolyzed incubating with TpTatD 

960 (2 μM) and Mg2+ (8 mM) at 37 °C for 1 h. (D) Mg2+ can promote the hydrolysis of DNA by TatD 

DNase 960. TpTatD 960 (1 μM) with Mg2+ (10 mM) was able to hydrolyze DNA completely for 1 h. 

 

Figure S3. Mg2+-dependent DNase activity of TatD DNase 825. (A) TpTatD 825 can weakly degrade 

DNA. TpTatD 825 at various concentrations (0-5 µM) was incubated with DNA (200 ng) as 

Supplementary Figure 2a. (B) TpTatD 825 (5 μM) was able to hydrolyze most of DNA within 1 h. 

(C) TpTatD 825 is a Mg2+-dependent DNase. DNA was completely hydrolyzed incubating with 

TpTatD 825 (2 μM) and Mg 2+ (10 mM) at 37 °C for 1 h. (D) Mg 2+ can promote the hydrolysis of 

DNA by TpTatD 825. TpTatD 825 (2 μM) with Mg2+ (10 mM) was able to hydrolyze DNA completely 

for 1 h. 
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Figure S4. The ability of TpTatDs to digest plasmid DNA substrates. 200 ng plasmid pBR322 was 
incubated with 2 μM TpTatD 960/TpTatD 825 at 37 ℃ for 1 h, respectively. Mg2+ was added to the 
complex as a stimulator, and the final concentration of the Mg2+ was 10 mM. The DNA was visualized 
by agarose gel electrophoresis. TatD DNases can hydrolyze plasmid pBR322 without the catalysis of 
metal ions, but the hydrolysis ability is weak. Mg2+ can promote TatD DNases to hydrolyze pBR322.  

 

Figure S5. The effect of luteolin on DNase activity of TpTatDs. Luteolin can inhibit the ability of TatD 
DNases to hydrolyze DNA. 2 μM TatD DNases treated by different concentrations of luteolin (final 
concentrations: 0, 1/8, 1/4, 1/2, 1, 2 and 4 MIC). The complex was incubated with 200 ng linear DNA 
and Mg2+ (10 mM) at 37 ℃ for 1 h. (A) The effect of luteolin on DNase activity of TpTatD 960; (B) 
The effect of luteolin on DNase activity of TpTatD 825. 
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