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Introduction

Eukaryotic DNaseI is commonly used to clear DNA contamination from RNA
samples;however, it is very salt-sensitive. Over the course of evolution the
DNases of halotolerant / halophilic organisms have adapted to work at high
salt concentration. Several nucleases resistant to ionic strength were discovered
in the past decades [1–4]. However, these studies didn’t reveal any mechanism
of halotolerance.

In 1998 Pan and Lazarus published their attempts to design an eukaryotic
DNaseI, which would retain its activity at elevated ionic strength [5]. Since high
ionic strength hinders the interaction between the enzyme and the DNA, the
authors tackled this problem by introducing additional positive residues onto
the DNA-binding surface of the nuclease catalytic domain [5].

Meanwhile, the analysis of the sequence data from halotolerant / halophilic
prokaryotes indicated that evolution used a completely different approach: the
interaction between the enzyme and the substrate was stabilized by an addi-
tional C-terminal DNA-binding domain within the enzyme. In this dissertation
it is revealed that many DNases from halotolerant / halophilic species are multi
domain proteins. This fact led to the hypothesis that in some cases a fusion
of an additional domain to the DNase domain was the key factor in evolution,
which enabled the activity of bacterial DNases at high ionic strength. In this
study the hypothesis was experimentally proved by analysing halotolerance of
one DNase from Thioalkalivibrio sp. K90mix (DNaseTA) and its mutants.

DNaseTA is comprised of two domains: one domain is DNaseI-like and the
other is a DNA-binding domain comprising two HhH (helix-hairpin-helix) motifs.
It was decided to mimic the evolutionary step that created the natural fusion.
The research revealed that this domain originated from ComEA (competence
DNA receptor) proteins and through the course of evolution was fused with
the DNaseI-like domain. In this study the domain organization of DNaseTA
was mimicked by creating two fusion proteins comprising bovine DNaseI and
a DNA-binding domain. The following DNA-binding (HhH)2 (comprising two
tandem HhH motifs) domains were fused to the C-terminus of bovine DNaseI:

1. The C-terminal domain of DNaseTA, hereafter referred to as DT, from an
extremely halotolerant bacterium Thioalkalivibrio sp. K90mix. This fusion
hereinafter is abbreviated as DNaseDT.

2. The C-terminal domain of a relatively well characterized competence pro-
tein ComEA, hereafter referred to as BS, from Bacillus subtilis [6]. This
fusion hereinafter is abbreviated as DNaseBS.

Both fusions with additional DNA binding domains were demonstrated to be
more salt tolerant than bovine DNaseI. Literature analysis revealed that similar
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approach to enhance DNA-binding had been used for several DNA polymerases:
Phage phi 29 DNA polymerase [7], Taq and Pfu DNA polymerases [8,9]. However
in this dissertation it was demonstrated for the first time that an additional DNA
binding domain could be used to enhance properties of eukaryotic DNaseI.

Goal of the dissertation
To analyze mechanisms of adaptation to high ionic strength of prokaryotic
DNaseI-like nucleases and to prove that the revealed mechanisms can be suc-
cessfully applied to induce salt tolerance for a non halotolerant / halophilic
enzyme.

Specific tasks of the dissertation
1. Create phylogenetic tree of prokaryotic DNaseI-like proteins.

2. Analyze potential relation between domain structure of prokaryotic DNaseI-
like nucleases and adaptation to high ionic strength.

3. Experimentally test relation between domain structure and resistance to
ionic strength.

4. Computationally compare electrostatic surface properties of bovine DNase
I and several its homologs from halotolerant / halophilic prokaryotes and
to evaluate conservation level of surface residues for one of the homologs.

5. Track evolutionary origin of the DNA-binding domain comprising two HhH
motifs that are found in DNaseI-like bacterial nucleases.

6. Choose domains to be fused with bovine DNaseI and construct correspond-
ing chimeric nucleases.

7. Experimentally analyze salt tolerance of the constructed chimeric nucleases.

8. Computationally analyze properties and interaction with DNA of the do-
mains, which were fused to bovine DNaseI.

Scientific novelty and practical value
• It was revealed that domain structure of prokaryotic DNaseI-like nucleases

played important role in adaptation to high salt environments.

• Analysis of DNaseI-like prokaryotic proteins revealed that the C-terminal
domain comprising two duplicate HhH motifs was found only in DNaseI-like
nucleases from halotolerant / halophilic bacteria.

• For the first time it was demonstrated that it was possible to enhance
DNaseI properties by creating fusions with DNA binding domains (patent
pending).
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• The natural evolutionary step that fused DNA-binding domain and DNaseI-
like domain resulting in DNaseTA-like nucleases from halotolerant / halophilic
bacteria was successfully mimicked in vitro.

The approbation of the results of the thesis
The original results of the dissertation were represented in 2 manuscripts pub-
lished in journals listed by Thompson Reuters ISI with citation index. One
patent application was submitted. The results were personally presented in two
poster presentations at international conferences.
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Materials and Methods

Analysis of microbial DNaseI family proteins and the
resistance of corresponding micro-organisms to salt

Initially, IPR016202 protein family sequences were collected from the InterPro
database (accessed in June, 2014) [10]. The sequences were matched to UniRef90
clusters [11] and subsequent analysis was performed on representative sequences
from these clusters. All non-prokaryotic sequences were discarded. Remaining
sequences were subjected to phylogenetic analysis and domain detection. A max-
imal molar NaCl concentration allowing growth of a corresponding organism was
inferred for each analysed sequence. In some cases, the maximal NaCl concen-
tration value was found in the published data, in other cases, the salt tolerance
was inferred based on a living environment or a cultivation medium. Six arbi-
trary selected salt tolerance categories were used. The first category, where the
maximum salinity is indicated as "close to 0" encompasses the organisms that
were not considered in the literature as being salt tolerant or their living environ-
ment/growth medium does not imply salt tolerance. The second one ("< 0.8")
encompasses slightly halotolerant / halophilic species. An organism was assigned
to this category if the corresponding concentration of NaCl was explicitly indi-
cated in the literature or the microorganism was collected from marine habitats.
The assignments to the other four categories ("0.8-0.9","1.0-1.4","1.5-2.0","3.4-
5.1") corresponding to medium-extreme halotolerant / halophilic species were
based on explicit statements in the literature.

Domains in the sequences of bacterial DNases were detected using Inter-
ProScan 5.4-47.0 [12]. Phylogeny analysis of the corresponding sequences was
performed using Phyrn-1.7.2 package [13]. 5000 replicates of the distance ma-
trices were generated for bootstrapping. The corresponding neighbour-joining
trees were calculated and a consensus tree was produced using the NEIGHBOR
and CONSENS programs from the PHYLIP package [14]. ETE 2.2 package was
used for the visualization of the tree and supplementary information [15].

A secretion signal search was performed in the sequences of DNases from
organisms that can grow in 1.5 M or higher NaCl concentrations. A secretion
signal was detected using three programs: 1) SignalIP 4.1 [16] was used for
gram-negative bacteria sequences; 2) PRED-SIGNAL [17] was used for an ar-
chaeal sequence (Methanohalobium evestigatum); 3) Philius [18] was used for the
prediction of the presence of a secretion signal and protein type.
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Cloning, expression and purification of proteins

Cloning of DNase from Thioalkalivibrio sp. K90mix and its
mutants

Gene of the recombinant DNase from Thioalkalivibrio sp. K90mix (DNaseTA)
was de novo synthesized by DNA 2.0 (California, USA) and codons were opti-
mized for expression in E.coli. Protein sequence was taken from an Uniprot entry
(accession code D3SGB1), the secretion signal sequence was excluded. The gene
was cloned into a pLATE31 vector (Thermo Fisher Scientific, #K1261). The
coding sequence of the C-terminal His6-tag originated from the vector.

Two mutants of the his-tagged DNaseTA were constructed: an active site mu-
tant with the inactivating mutation (H134A [19]), denoted as DNaseTA H134A
and a mutant with the removed C-terminal domain denoted as DNaseTA ∆C.
The coding sequence of the C-terminal His6-tag originated from the vector and
was added during cloning into a pLATE31 vector (Thermo Fisher Scientific,
#K1261). DNaseTA H134A was generated by two-steps megaprimer PCR. Both
PCR reactions were performed with 2x Phusion High Fidelity PCR Master Mix
(Thermo Fisher Scientific, #F-548S). DNaseTA ∆C mutant was constructed
via single PCR step. The PCR products were cloned into a pLATE31 vector
(Thermo Fisher Scientific, #K1261).

Cloning of bovine DNaseI and its mutants

Coding DNA of mature, without signal peptide, wild type bovine DNaseI (NCBI
reference sequence NM_174534.2) was cloned into a pLATE51 vector using aLI-
Cator™ LIC Cloning and Expression system (Thermo Fisher Scientific, #K1271).
The sequence of the N-terminal His6-tag and associated linker was added during
cloning and originated from the vector.

Coding sequence fragments of DNaseDT and DNaseBS for cloning were gen-
erated by two-step megaprimer PCR. All PCR reactions were performed with
2x Phusion™ Flash High-Fidelity PCR Master Mix (Thermo Fisher Scientific,
#F-548S). The PCR products were cloned into a pLATE51 vector using aLICa-
tor™ LIC Cloning and Expression system (Thermo Fisher Scientific, #K1271).
DNase from Thioalkalivibrio sp. K90mix cloned to a vector pLATE31 [20] was
used as a template for the first PCR reaction when DNaseDT was constructed,
while Bacillus subtilis subsp. subtilis str. 168 (ATCC 23857) genomic DNA
was used in the corresponding reaction for DNaseBS. The resulting fragments
were gel-purified and together with the third primer were used in the second
PCR reactions where bovine DNaseI cloned to a vector pLATE51 was used as a
template. The resulting fragments were gel-purified and cloned into a pLATE51
vector. The sequences of the N-terminal His6-tag and associated linker were
added during cloning and originated from the vector.
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Purification and expression of proteins

The constructs were cloned using E.coli ER2267 strain (New England Biolabs).
The bacteria were grown on LB agar supplemented with 2 % (w/v) glucose and
carbenicillin. For the protein expression the constructed recombinant plasmids
were transformed into E.coli ER2566 strain (New England Biolabs). Bacteria
were grown in LB broth supplemented with glucose 1 % (w/v) and carbenicillin
(50 µg/ml). A preculture was grown till OD600 0.3 at 37° C and then used for
inoculation. A main culture was inoculated with 1/40 of the preculture and
grown at 37° C until the induction. The expression was induced by addition
of IPTG (1 mM) when OD600 reached 0.8-0.9 and subsequently grown at 23°
C for 16 h. Before the induction the culture was cooled on ice. Bacteria were
lysed chemically and expressed proteins were purified in one step using nickel
affinity spin columns (Thermo Fisher Scientific, #88225). The washing buffer
had following composition: 2 % Triton X–100; 20 mM Tris–HCl, pH 7.5; 0.5 M
NaCl; 5 mM CaCl2; 20 mM imidazole, pH 7.8. The elution buffer had following
composition: 2 % Triton X–100; 20 mM Tris – HCl, pH 7.5; 0.5 M NaCl; 5
mM CaCl2; 250 mM imidazole, pH 7.8. The eluates were dialysed against buffer
having following composition: 50 mM Tris–acetate, pH 7.5; 10 mM CaCl2; 50 %
glycerol. The concentration of the purified enzymes was assessed by SDS-PAGE
and subsequent densitometry.

Phylogeny of C-terminal (HhH)2 domain in
DNaseI-like nucleases

Selection of sequences

The goal of the analysis was to track the origin of the (HhH)2 domains that are
detected in bacterial DNaseI-like proteins [20]. Initially, a set of sequences of bac-
terial proteins that harbour a (HhH)2 domain (H3TH_StructSpec-5’-nucleases
superfamily, CDD v3.12 [21]) and an exonuclease/endonuclease/phosphatase do-
main (EEP superfamily, CDD v3.12 [21]) were collected. The sequence fragments
that correspond to a (HhH)2 domain were used to construct a hidden Markov
model (HMM) with HMMER v3.1b1 package [22] and a search was run against
UniProtKB [11] via HMM webserver [23]. The bacterial sequences in UniPro-
tKB [11] that matched the HMM with e-value lower than 10−13 were clustered
at 70 % identity using CD-HIT [24, 25]. The clustering cut off and selection
stringency were manually adjusted to keep up to ∼100 of final clusters. A pro-
tein from Chinese hamster Cricetulus griseus (UniProt AC G3HTJ3) was added
to the analysis as an out-group. This eukaryotic protein harbours DNaseI-like
domain and two tandem (HhH)2 domains. The sequence of the domain that best
matched the HMM was used for the construction of a phylogenetic tree.
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Tree building

Only the fragments in the collected sequences that matched the HMM were used
to construct the phylogenetic tree. The sequence fragments were aligned using
PROMALS3D server [26,27]. The tree was build using RAxML 8.1.22 program
[28]. Automatic protein model selection using maximum likelihood (ML) score
based criterion was used. At first, a Bootstrap search using extended majority-
rule consensus tree criterion was conducted. After the Bootstrap analysis a
search for the best–scoring ML tree was done. This tree was used for further
analysis.

Tree annotation

CDD v3.12 [21] (server accessed in December, 2014) was used to detect super-
family and multidomain hits in the full length sequences, which regions matching
(HhH)2 domain were used to construct the phylogenetic tree. ETE 2.2 package
was used for the visualization of the tree, the detected domain search hits and
supplementary information [15]. The root was placed according to the out-group
mammalian (Cricetulus griseus) protein.

Molecular modelling of DNA binding domains

Homology modelling

Spatial structures of BS (from Bacillus subtilis) and DT (from Thioalkalivibrio
sp. K90mix) were modelled using I-Tasser 3.0 [29] and the best models (in terms
of C-score) where used for further analysis. The low quality N-terminal unstruc-
tured fragments (inter domain regions) were discarded from the models based on
expected accuracy along the sequence (I-Tasser 3.0 output). The N-terminal and
C-terminal regions were further trimmed to remove unstructured terminal coils
that do not match in structural superimposition of the two domains. Structural
superimposition, manual inspection and trimming of the models was done using
Pymol [30].

Protein-DNA complex modelling

The resulting domain structures were superimposed (using MultiProt 1.6 [31])
with homologous domain from a crystallographic structure PDB ID: 3E0D [32]
(one of templates used in homology modelling) and a 19 bp length DNA frag-
ment close to the superimposed domains was „excised“ from the PDB structure
for further modelling. The geometry of this fragment was optimised using 3D-
DART server (accessed in December, 2014) [33]. Then it was docked to the two
DNA-binding domains using HADDOCK server (accessed in December, 2014)
with „Refinement“ interface [34]. The resulting complexes were used for further
electrostatic calculations.
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Electrostatic calculations

The two modelled DNA-protein complexes were superimposed using Pymol [30]
and used for electrostatic calculations using APBS tools 1.4.0 [35]. Results were
visualized in Pymol [30]. The structures were prepared for electrostatics calcula-
tions by adding hydrogens with PDB2PQR 2.0.0 [36] using Amber force field [37].
APBS tools were used to predict changes in polar solvation term of free energy
that occur when protein-DNA complex is formed. The grid parameters for the
calculations were same for both complexes. Nonlinear Poisson-Boltzmann equa-
tion was used, all other parameters were default. The calculations were done in
accordance with the published analogous calculations on RNA-protein interac-
tions [38]. APBS output files (density maps) were used to infer changes in local
ion and charge concentrations upon formation of complexes between DNA and
the two DNA-binding domains. This was done using auxiliary tools from the
APBS package.

Molecular modelling of DNase domains

The protein sequence of DNaseTA was downloaded from the corresponding entry
in UniproKB database [39] (http://www.uniprot.org/uniprot/D3SGB1). HH-
blits [40] from HH-suite 2.0 was used to identify the protein domains in DNaseTA.
The modelling of the DNase domain was performed using I-Tasser server [29].
The models were refined with Kobamin [41], a knowledge-based potential re-
finement program. The best quality model was selected using Prosa-web [42].
Prosa-web was used for backbone and Qmean [43] for side chain quality assess-
ment. The electrostatic surface potential of DNase domain of DNaseTA was
calculated with APBS tools [35] and visualized in Pymol [30]. The structure was
prepared for electrostatics calculations by adding hydrogens with PDB2PQR [36]
using Amber force field [37]. The range from -5 kT/e in red to +5 kT/e in blue
was chosen for surface colouring. The model for a DNase from Methanohalo-
bium evestigatum was created and analysed in a similar manner. For evaluation
of the surface residues conservation level proteins homologous to DNaseTA were
identified using PSI-Blast [44] and Jackhammer [45], profile-profile alignment
search tools. Homologous proteins were aligned using multiple alignment pro-
gram MAFFT [46] with L-INS-i [47] option. Lastly, multiple-aligned sequences
were imported into a Consurf [48] program for mapping of conserved amino acids.
In order to indicate potential ion and DNA binding residues in DNaseTA, the
DNase domain of DNaseTA, DNaseI structures PDB ID: 4AWN, 2A3Z, 3DNI
(known positions of ions) and PDB ID: 1DNK (known positions of DNA) were
superimposed. The superimposition was performed using Dali Server [49] and
mapped in Jalview Waterhouse et al. [49].
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Activity assays
Digestion of long DNA substrate
2 µg pUC19 DNA cleaved with SmaI was digested with 2.5 nM of enzyme. Two
ranges of NaCl concentration were explored: 0 - 1 M in 0.1 M increments and
0 - 4 M in 0.4 M increments. The reactions were performed for 10 min at 37°
C in 100 µl of the reaction mixture with 10 mM Tris-HCl, pH 7.5 and varying
amount of CaCl2 and MgCl2. ZipRuler Express DNA Ladder 1 (#SM1373) was
used as a molecular weight standard to evaluate the degradation of the DNA
substrate.

Digestion of short DNA substrate
10 nM 16 bp DNA (2 nM were labelled with 33P at 5’-end) was digested with
0.66 nmol of enzyme at 37° C in 100 µl of a reaction buffer: 10 mM Tris-HCl, pH
7.5; 10 mM CaCl2; 10 mM MgCl2. 9 µl of the reaction mixtures were removed at
1, 2, 4, 8, 16, 32, 64, 128, 192 minutes after start. The samples were mixed with
9 µl of 2x RNA loading dye (Thermo Fisher Scientific, #R0641), heated for 5
min at 95° C and analysed by denaturing PAGE. The half-life of the substrate
digestion was estimated during subsequent densitometry.

Digestion of fluorescently labeled short DNA substrate
Activity of DNaseI and its fusion variants at relatively low salt concentrations
was evaluated by analysing digestion of fluorescently labelled DNA duplex (30
bp). Reactions were prepared in the following buffer: 10 mM Tris – HCl, 3 mM
EDTA, 1 % Triton X-100, 1 mg/ml BSA. 0.2 µM of DNA duplex and 0.044
nM concentrations of relevant DNase enzyme (DNaseI, DNaseBS or DNaseDT)
were used. Reactions were started by addition of 10X start solution containing
40 mM CaCl2 and 100 mM Mg acetate. Before start of fluorescence monitoring
25 µl start solution was added to 225 µl of reaction mix with enzyme. The
fluorescence was monitored in 12 seconds intervals for 10 minutes and for each
curve a maximum fluorescence change rate was calculated (Gen5™ Reader Con-
trol and Data Analysis Software), which was proportional to enzymatic activity.
Fluorescence was monitored and start solution was distributed across reaction
mixes by Synergy 2 Multi-Mode Reader (BioTek). Reaction mixes were prepared
and fluorescence measures were taken at ambient temperature (∼23° C ). Such
experiments were performed by varying amounts of NaCl in the final reaction
buffer (0, 50, 100 mM) in order to estimate activity changes due to increase in
ionic strength.
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Results and Discussion

Results
DNaseI family sequences properties and halotolerance of
corresponding micro-organisms
The purpose of phylogenetic and domain structure analysis of bacterial DNases
was to identify the domains, which would be potentially related to halotolerance
or halophilicity. The analysis of the InterPro 4.7 database [10] revealed that
there are about 300 prokaryotic proteins belonging to DNaseI family. Clustering
these sequences at 90% sequence identity level resulted in 86 clusters (Uniref90).
Manual inspection of available data in literature revealed that more than a half of
the representative sequences originated from halotolerant / halophilic organisms.
The summary of this data is given in Fig. 1. In this figure species corresponding
to 86 representative sequences are indicated along with the inferred maximum
salinities (concentration of NaCl) at which microbial growth occurs. In total
data on 82 prokaryotic organisms have been collected. 39 of them were consid-
ered to be of low salt tolerance, 16 were classified as being slightly halotolerant
/ halophilic (≥ 0.3 and < 0.8 M NaCl), 23 were classified as being medium
halotolerant / halophilic (≥ 0.8 and < 3.4 M NaCl) and 4 species were classified
as extremely halotolerant / halophilic (≥ 3.4 M NaCl).
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Table 1. The secretion signal in DNases from the most salt tolerant organisms

Secretion signal Protein type prediction by Philius
Representative
sequence

Representative species/label used in phy-
logeny tree

SignalIP
4.1*1

PRED-
SIGNAL*1

Type Confidence Additional domain Maximum NaCl, M

D7E828 Methanohalobium evestigatum DSM
3721

- Y Globular with Signal Peptide 0.99 Lamin tail 5.11

D3SGB1 Thioalkalivibrio sp. K90mix Y - Globular with Signal Peptide 0.99 duplicate HhH*2 42

F7SPZ3 Halomonas sp. TD01 Y - Globular with Signal Peptide 0.98 duplicate HhH*2 3.423

S9QWK2 Salipiger mucosus DSM 16094 N - Globular with Signal Peptide 0.71 - 3.424

G4F511 Halomonas sp. HAL1 Y - Globular with Signal Peptide 0.99 duplicate HhH*2 25

F0SFA3 Planctomyces brasiliensis ATCC 49424 N - Transmembrane 0.68 - 1.726

D8KCF8 Nitrosococcus halophilus Nc4 Y - Globular with Signal Peptide 0.99 Lamin tail 1.607

G2PLU4 Muricauda ruestringensis DSM 13258 N - Globular 0.99 - 1.548

G2PQ99 Muricauda ruestringensis DSM 13258 N - Globular with Signal Peptide 0.99 - 1.548

T2LFY5 Halomonas sp. A3H3 N - Globular with Signal Peptide 0.91 duplicate HhH*2 1.59

1 [52] 2 [53] 3 [54] 4 [55] 5 [56] 6 [57] 7 [58] 8 [59] 9 [60] *1 resulting decision on the existence (Y) or not existence (N) of the secretion
signal sequence. *2 corresponds to RuvA domain 2-like domain or DNA polymerase lambda fingers domain

The phylogeny of the sequence fragments, which correspond to the nucle-
ase domain of the proteins, was analysed and the topography of the resulting
phylogeny tree is given in Fig. 1. All the domain names used in the figure
are the same as used in InterPro 4.7 database, except for the nuclease domain.
Exo/endo/phospho and DNase domain was named as „nuclease“ domain (note
that all analysed proteins belong to DNaseI family). This analysis indicates that
bacterial DNases apart from their nuclease domain might have 5 types of other
domains: Lamin tail, PKD/Chitinase, Ada DNA repair/metal binding, RuvA
domain2-like and DNA polymerase lambda fingers. The last two domains: the
RuvA domain 2-like [50] and the DNA polymerase lambda fingers [51] are similar
(shown as red and green circles in Fig. 1) as both of them correspond to the
duplicate HhH (helix-hairpin-helix) motifs [10]. DNases of Deinococcus-Thermus
phylum stand out as a distinctive group: the proteins are longer compared to
other bacterial DNases and contain significant sequence fragments that cannot be
assigned to any functional domain. These proteins have either PKD/Chitinase
or Lamin tail domain, or both.

If a protein is secreted, then it should be adapted to the surrounding en-
vironment. Thus additional search for secretion signal was performed on the
sequences originating from the organisms which can grow at concentration of
NaCl ≥ 1.5 M. The results are given in Table 1.

DNaseTA requirement of divalent ions and resistance to ionic
strength
Approximate optimal concentrations of divalent cations for the bovine DNaseI (a
reference enzyme) and the DNase from Thioalkalivibrio sp. K90mix (DNaseTA)
have been estimated. It was observed (Fig. 2) that both enzymes required
Ca2+ or Mg2+ for catalytic activity and the maximum activity was achieved
when both of these ion species were present. Data shows that DNaseTA requires
significantly higher concentrations of divalent ions than bovine DNaseI: ∼10 mM
Ca2+ and ∼10 mM Mg2+ is the optimal combination for the DNaseTA (Fig. 2
A), while for the bovine DNaseI the respective concentrations are ∼1 mM and
∼2.5 mM (Fig. 2 B).

14



Figure 2. Different requirements for divalent ions of DNase from Thioalkalivibrio
sp. K90mix (DNaseTA) and bovine DNaseI. Several different concentrations of Ca2+

and Mg2+ were screened evaluating approximate optimum for DNaseTA (A) and bovine DNaseI
(B). It was found that both enzymes require Ca2+ and Mg2+ for activity, however, DNaseTA
requires significantly higher concentrations. The optimal concentrations are ∼10 mM Ca2+

and ∼10 mM Mg2+ for DNaseTA and, respectively, ∼1 mM and ∼2.5 mM for bovine DNaseI.

Influence of increasing salt (NaCl) concentration on DNA hydrolysis by DNaseTA
and its two mutants have been analysed. Digestion of two DNA types was as-
sayed: i) long plasmid, ii) short duplex. This was done in order to double-check
the findings as the data on the digestion of the long plasmid were qualitative
agarose gel images and it was accompanied by quantitative data on the short
substrate digestion.

The digestion of the long substrate by the DNaseTA was assayed under two
conditions in terms of divalent cations: 1) the near optimum combination of Ca2+

and Mg2+ concentrations for DNaseTA (Fig. 3 A, B). 2) the lower concentrations
of these divalent ions, which resembled near optimum conditions for the bovine
DNaseI (Fig. 3 C, D). The results indicate that DNaseTA digests DNA in the
presence of high salt concentration (up to 4 M NaCl) at both concentrations of
divalent ions, however, apparent differences between those two combinations are
noticeable at lower ionic strength (up to ∼1 M NaCl). DNaseTA digests DNA
at the lower ionic strength and higher concentration of divalent ions, although
the length of final product gradually increase (presumably due to decreasing
DNase activity). Contrastingly, under lower concentration of divalent ions the
ability of DNaseTA to digest DNA decreases significantly when salt concentration
reaches ∼0.4 M NaCl. At this point some substrate remains even undigested.
Further increase in ionic strength, however, reinforces the degradation of DNA
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by DNaseTA as the length of the DNA substrate is shortened significantly even
at 4M NaCl.

Figure 3. Activity of DNase from Thioalkalivibrio sp. K90mix (DNaseTA), its
mutants and bovine DNaseI at different ionic strengths. Activity of analysed proteins
was evaluated by digestion of linearised pUC19 plasmid in the presence of various concentrations
of NaCl. Two series of NaCl gradients were used: the first one corresponds to a range from
0 to 1 M with increments of 0.1 M (left electrophoregrams), the second one corresponds to a
range from 0 to 4 M with increments of 0.4 M (right electrophoregrams). Activity assays in
case of DNaseTA were performed comparing two compositions of divalent ions: a suboptimal
one, corresponding to lower (C, D) concentrations, and near optimum one, which corresponded
to higher concentrations (A, B). The data on the mutant with the removed C-terminal domain
(DNaseTA ∆C) is given at the E and F panels. The data on DNaseTA with mutation at DNase
active site (DNaseTA H134A) is given at the G, H panels. Analogous data for Bovine DNaseI
is given at the I, J panels (the near optimum concentration of divalent cations for DNaseI were
used).

The digestion of the long substrate by the mutants of DNaseTA was analysed
at the near optimum combination of divalent ions for DNaseTA. The truncated
form of DNaseTA with the removed C-terminal domain (DNaseTA ∆C) retains
its DNase activity as presented in Fig. 3 E and F. This mutant of DNaseTA
noticeably digest the DNA substrate only up to ∼0.6 M NaCl and the DNA
digestion is completely inhibited at NaCl concentrations higher than 1.2 M. The
mutant of DNaseTA, which has the inactivating mutation H134A, (DNaseTA
H134A) is unable to digest DNA at any of the tested concentrations of NaCl
(Fig. 3 G and H).

The data corresponding to the bovine DNaseI is given in Fig. 3 I and J
panels, which indicates that the concentration of NaCl above ∼0.9 M totally
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inhibits DNA digestion. In this case near optimum combination of divalent ions
for the bovine DNaseI was used.

The data on the digestion of the short DNA substrate is presented in the
Table 2. In this experiment for analysis of DNaseTA and its mutants the near
optimum combination of divalent ions for DNaseTA was used. For the analysis
of DNaseI - the corresponding near optimum concentration of divalent cations
was used. It complements the data on the long substrate digestion and indicates
that DNaseTA is able to digest DNA in the presence of 4 M NaCl, the truncated
version of the DNaseTA (without C-terminal domain) is active only at low ionic
strength, and the DNaseTA active site mutant is inactive at any ionic strength.

Table 2. The half-life of the radioactive substrate digestion of the recombinant
DNase from Thioalkalivibrio sp. K90mix (DNaseTA) and its mutants.

DNaseTA DNaseTA
∆C

DNaseTA
H134A

NaCl, M Half-life of substrate digestion
T1/2, min

0 9.43 31.29 ND1

0.5 43.39 ND1 ND1

1.2 60.18 ND1 ND1

4.0 47.66 ND1 ND1

1 ND – not detectable

Surface properties of DNase domain of DNaseTA
In order to elucidate the apparent differences between DNaseTA and bovine
DNaseI regarding the ability to digest DNA at high ionic strength, the elec-
trostatic potential properties and conservation of surface residues of the DNase
domain were analysed. The active site residues, which interact with the DNA
and are involved in catalysis, are marked in green colour and the residues, which
bind magnesium ions, are marked in yellow colour in Fig. 4 C. As we see in Fig.
4 an electrostatic potential (the redder - the more electronegative) of the surfaces
indicates that the active site regions of DNaseTA and bovine DNaseI are both
negatively charged. However, the DNaseTA has significantly larger electronega-
tive patch in the DNA binding surface than the bovine DNaseI (Fig. 4 A). The
fact that the predicted surface of DNaseTA is more electronegative compared to
DNaseI is also evident when those parts of protein surfaces which are not facing
DNA were compared (Fig. 4 B(2) and Fig. 4 B(3)). Therefore, the surface
of DNaseTA is overall more electronegative than the surface of bovine DNaseI.
For comparison, along with DNaseTA and bovine DNase in Fig. 4 B(1) the
surface electrostatic potential of the DNase from Methanohalobium evestigatum
(DNaseME) was visualized. Methanohalobium evestigatum is the most salt tol-
erant organism, which was included in the research. The maps demonstrate that
the DNaseME has the most electronegative surface out of all three DNases. In
Fig. 4 B a protein from the most halotolerant / halophilic microorganism is on
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the left (1 – DNaseME), a protein from less halotolerant / halophilic organism
is in the middle (2 – DNaseTA) and an eukaryotic protein is on the right (3 –
bovine DNaseI). For the references on the salt tolerance see the Table 1. Thus
the more halophilic the DNase is, the more electronegative surface it has.

Figure 4. Electrostatic surface potential and evolutionary conserved residue maps.
Difference between DNase domain of DNase from Thioalkalivibrio sp. K90mix (DNaseTA) and
bovine DNaseI electrostatic potential surfaces, which are in contact with DNA, are depicted in
the A panel. Here DNA is positioned based on crystallographic bovine DNaseI structure (PDB
ID: 1DNK). Electrostatic surface potential maps of DNase domains’ sides which are not facing
DNA are depicted in the B panel: DNase from Methanohalobium evestigatum (DNaseME) (1),
DNaseTA (2), and bovine DNaseI (3). Dashed line (3) represents DNA position behind DNaseI.
Evolutionary conserved residue map of DNase domain model of DNaseTA is depicted in the C
panel. The front (top structure) that faces DNA, and the back (bottom structure) sides of the
proteins are visualized. Scales from variable (cyan) to conserved (purple) are shown under the
structures.

Alongside with the electrostatic potential the conservation of the DNaseTA
surface residues was also mapped (Fig. 4 C). The results show that the positions
of the active site and DNA binding residues Asn94, Arg126, His149, Asn191,
Tyr228, His273 along with the Mg2+ binding residues Asn32, Glu61 are con-
served, while many other surface residues are variable. It is evident that the
surface side, which is not facing DNA, is variable and does not show any strong
evolutionary conservation (see Fig. 4 C bottom surface). Therefore, the surface
residues in the homologs of DNaseTA are mostly variable and thus give room
for evolutionary adaptations.
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Origin of DNaseTA C-terminal domain
The origin of the DNaseTA C-terminal domain, which contains two tandem
HhH motifs, was analysed. The topography of the resulting phylogenetic tree
is given in Fig. 5. All the proteins included in the analysis harbour a two tan-
dem HhH motifs comprising domain, which belongs to a superfamily of H3TH
domains of structure-specific 5’ nucleases [21] and hereinafter is referenced as a
H3TH domain. At the base of the tree there is a group of proteins that har-
bour multiple H3TH domains from Thermotogae phylum, which match multi-
domain hits ComEA [21]. This group is denoted as „A“ in Fig. 5. All other
proteins emerge from the sister group. This group further splits into two dis-
tinct sister groups („B“ and „C“ in Fig. 5). The „B“ group (Fig. 5) contains
two experimentally characterized competence proteins: i) ComE from Neisseria
gonorhoeae [61], which comprises one H3TH domain; and ii) ComEA from Bacil-
lus subtilis [6], which comprises one SLBB (soluble ligand-binding beta-grasp
domain superfamily) domain and one H3TH domain. In addition to proteins
that have such domain organization, the „B“ group contains plethora of exper-
imentally not characterized proteins, which harbour other domains in addition
to a H3TH domain. ComE-like proteins from Thioalkalivibrio and Halomonas
genera that comprise single H3TH domain are localized at the base of the „C“
group (Fig. 5). Analysing proteins that are close to the lineage that leads to
DNaseTA, we find proteins from Bacillales order that have a H3TH domain
fused to a metallo-β-lactamase superfamily domain (C1 in Fig. 5). Hereinafter
such proteins are refereed as lactamase-β-H3TH proteins. Further in the lineage
leading to DNaseTA we find two sister groups: i) one (C3 in Fig. 5) contains
lactamase-β-H3TH proteins from Bacillaceae family; ii) the other one (C2 in
Fig. 5) contains DNaseTA and other proteins that harbour EEP (exonucle-
ase/endonuclease/phosphatase superfamily) domains fused to H3TH domains.
In this group (C2 in Fig. 5) apart from nucleases harbouring a H3TH domain
(including DNaseTA) we find one lactamase-β-H3TH protein. Thus, the H3TH
domain of DNaseTA originated from proteins that were related to the experimen-
tally characterized bacterial competence proteins and shared with them common
precursors.
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Salt resistance of DNaseI fusions
The fusion proteins, DNaseBS and DNaseDT, comprise the sequence of the
bovine DNaseI fused to the C-terminal DNA-binding domain of Bacillus sub-
tilis and Thioalkalivibrio sp. K90mix. Only these two fusions were constructed
and were found, as given below data indicated, to be functional enzymes.

The activity and salt resistance of the fusions were assessed by digestion of
long (Fig. 6) and short DNA substrates (Table 3, Fig. 7). The quantitative
data of radioactive substrate digestion half-life (Table 3) complement the data
obtained by electrophoregrams (Fig. 6).

Table 3. Radioactive substrate digestion half-life of wild type bovine DNaseI and
its fusion variants. DNaseDT denotes the fusion with the (HhH)2 domain of DNase from
Thioalkalivibriosp. K90mix. DNaseBS –the fusion with homologous domain of ComEA protein
from Bacillus subtilis

DNaseI DNaseDT DNaseBS
NaCl, M

Half-life of 16 bp DNA substrate
digestion T1/2

0 0.61 0.41 0.70
0.5 732.71 64.41 488.61

1.2 ND2 ND2 ND2

4.0 ND2 ND2 ND2

1 – Half-life lasted longer than the experi-
ment itself and was computationally inferred
from collected data.
2 – DNA digestion not detectable.

As shown in Fig. 6, at 1 M NaCl salt concentration the wild type DNaseI
is inactive and does not degrade DNA while both fusion proteins retain activity
(the left panels, Fig. 6). DNaseDT retains a detectable DNase activity even
at 4 M NaCl. However, DNaseBS is less tolerant to high salt concentrations
than DNaseDT as it retains activity up to ∼1.6 M NaCl (the right panels, Fig.
6). The data show that at 0.5 M NaCl DNaseDT is notably more active than
DNaseBS and bovine DNaseI. The data in Table 3 also reveal that DNaseDT is
more active than DNaseBS and DNaseI at 0 and at 0.5 M NaCl while there is
no detectable digestion of the radioactive DNA duplex at 1.2 and 4.0 M NaCl.

The data shown in Fig. 7 elucidate differences in activities of the three
analysed proteins at relatively low salt concentrations (50 and 100 mM NaCl).
In this figure fluorescence curves and corresponding changes in the activities
in response to the increased ionic strength are presented. The data in Fig. 7
indicate that up to 100 mM NaCl the digestion of the DNA duplex by DNaseBS
is less suppressed by salinity compared to DNaseDT and DNaseI.

Thus, the experimental data indicate that at relatively low salt concentra-
tions DNaseBS is more resistant to the increased ionic strength compared to
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Figure 6. Activity of bovine DNaseI and its two fusion variants at different ionic
strengths. Two series of NaCl gradients were used: the first one corresponds to a range
from 0 to 1 M with increments of 0.1 M (left electrophoregrams), the second one corresponds
to a range from 0 to 4 M with increments of 0.4 M (right electrophoregrams). Activity of
analysed proteins was evaluated by digestion of linearised pUC19 plasmid in the presence of
various concentrations of NaCl. The data on the fusion with the (HhH)2 domain of DNase
from Thioalkalivibrio sp. K90mix is given at the C and D panels. The data on the fusion with
homologous domain of ComEA protein from Bacillus subtilis is given at the E, F panels. The
data on bovine DNaseI are given at the A, B panels.

DNaseDT, while at higher salinity the situation is vice versa. Molecular mod-
elling approach were employed to further elucidate these differences.

Molecular modelling of the DNA-binding domains
Structural models of the two DNA-binding domains that were fused to bovine
DNaseI have been created. The superimposition of the structures along with
the corresponding sequences alignments are presented in Fig. 8. The sequences
are quite different (28 % identity), however the modelled structures matches
relatively well (RMSD of Cα is 0.87 Å). However, some apparent differences in
the structures are evident. The second HhH motif in BS domain starts with a
longer helix compared to the DT domain. The additional residues are marked
by yellow-colour in Fig. 8. In this figure a potential DNA position is indicated.
It is evident that both domains have two positive DNA approaching residues:
BS has two lysines, DT – two arginines. The matching electrostatic potential of
the DNA contacting surfaces are visualized in Fig. 9 A (BS) and B (DT) panels.
This data indicate that DT from Thioalkalivibrio sp. K90mix is more compact
and has smaller continuous electropositive patch on the surface than BS from
Bacillus subtilis.

Further complexes that can possibly be formed by the two DNA-binding
domains and DNA were modelled. This modelling approach revealed that DT

22



Figure 7. Activity of DNaseI and its fusion with ComEA domain variants at low
salt concentration. The digestion of labelled DNA duplex (30 bp) was observed, correspond-
ing activities at 50 and 100 NaCl mM were compared to the activities in the absence of NaCl.
For each curve a maximum fluorescence change rate was calculated, which was considered to be
be proportional to enzymatic activity. DNaseDT denotes the fusion with the (HhH)2 domain
of DNase from Thioalkalivibrio sp. K90mix. DNaseBS denotes the fusion with homologous
domain of ComEA protein from Bacillus subtilis.

can form more hydrogen bonds with DNA than BS (Table 4).
The modelled complexes were further analysed using APBS tools 1.4.0 [35].

In order elucidate feasibility of DNA-binding free energy changes that could
occur upon the domain binding to DNA (polar solvation term) under several
different ionic strength conditions were modelled (Table 5). This data indicate
that DNA-binding by both domains is not energetically favorable in terms of
polar solvation at 0 mM NaCl. At 100 mM NaCl the modelled polar solvation
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Figure 8. Superimposition of structural models of two (HhH)2 domains from
Thioalkalivibrio sp. K90mix (blue colour) and Bacillus subtilis (green colour)
and corresponding sequence alignment. DNA phosphate contacting positive residues
are indicated by red colour in the sequence alignment and by stick representations in the
structural alignment. Yellow colour indicates part of the domain from Bacillus subtilis, which
has no corresponding residues in the domain from Thioalkalivibrio sp. K90mix. Approximate
position of DNA is indicated by transparent sticks based on structure PDBID: 3E0D after
superimposition with the domains. „H“ indicates helical regions.

term of the BS (Table 5) is less energetically favourable than DT, but the val-
ues are quite close (-6.79 vs -20.45 ). Further increase in NaCl concentration
resulted in much more negative values in case of DT compared to BS. There-
fore, at elevated ionic strength DT binding to DNA is much more energetically
favorable than BS domain binding (predicted polar solvation term). To further
elucidate this phenomenon changes in local ion concentrations upon formation
of complexes between DNA and the two DNA-binding domains were analysed.
The results (Fig. 9 C, D panels) revealed that upon DT binding to DNA the ion
distribution on the protein - DNA-binding surface changed much more than the
analogous BS binding. Further analysis of corresponding changes in a „cloud“
of positive sodium ions that accompany negatively charged DNA indicated that
upon binding of DT to DNA more sodium ions should be transferred from DNA
to solvent compared to the corresponding binding of BS. The data shown in
Fig. 9 represents modelled complexes at 400 mM NaCl. Such concentration is
quite close to commonly accepted upper limit for reliable electrostatic calcula-
tions (500 mM); however, analogous calculations at 150 mM also showed evident
differences between the domains (data not shown).
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Table 4. Hydrogen bonding network between (HhH)2 domains and DNA. Two
domains were analysed: one from an extremely salt tolerant bacterium Thioalkalivibrio sp.
K90mix (DT), the other one from Bacillus subtilis (BS)

Protein DNA
Domain Residue

number
Residue
type

Atom Residue
number

Residue
type

Atom Distance, Å

BS 44 LYS NZ 31 ADE O1P 2.89
73 LYS NZ 12 CYT O2P 2.91
73 LYS NZ 12 CYT O5’ 2.94

DT 40 ARG NE 31 ADE O1P 3.03
40 ARG NH2 31 ADE O1P 3.02
40 ARG NH2 31 ADE O2P 2.88
66 ARG NH1 12 CYT O1P 3.26
66 ARG NH1 12 CYT O2P 2.91
66 ARG NH2 12 CYT O2P 2.91

Table 5. Changes in polar electrostatic solvation energy upon complex formation
at different NaCl concentrations. Two domains were modelled: one from an extremely
salt tolerant bacterium Thioalkalivibrio sp. K90mix (DT), the other one from Bacillus subtilis
(BS).

Polar solvation energy changes upon complex formation, kJ/mol
Concentration of NaCl, M BS DT Ratio
0 29.10 22.15 0.76
0.01 8.49 13.73 1.62
0.1 -6.79 -20.45 3.01
0.4 -94.71 -20851.04 220.15
0.5 -176.66 -898908.16 5088.42
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Figure 9. Electrostatic surface potential of DNA-binding surface and changes in
local ion concentration upon binding to DNA. Electrostatic potential of DNA-binding
surface of the domain from Bacillus subtilis is shown on the upper-left (A) and corresponding
surface of the domain from Thioalkalivibrio sp. K90mix is given on the upper-right (B). The
range from -1.5 kT/e in red to +1.5 kT/e in blue was chosen for surface colouring. The surface
is semi transparent and stick representations of the DNA phosphates contacting residues are
visible: lysines - in case of Bacillus subtilis domain and arginines in case of Thioalkalivibrio sp.
K90 mix domain. The changes in local ion concentrations upon formation of a complex with
DNA by the domain from Bacillus subtilis are depicted in the lower-left (C), the correspond-
ing changes in the case of the domain from Thioalkalivibrio sp. K90mix are depicted in the
lower-right (D). The DNA phosphates interacting residues are depicted by white sticks. The
isocountour surfaces indicate the changes, which occur in the presence of 0.4 M NaCl. Four
isocountour surfaces are visualized simultaneously. The deep blue represents changes in local
ion concentration equivalent to -3 M, the lighter blue represents changes equivalent to -2 M.
Similarly deep red indicates changes equivalent to +3 M and the lighter red indicates changes
equivalent to +2 M. Isosurfaces equivalent to +2/-2 M overlaps corresponding isosurfaces which
represent changes equivalent to +3/-3 M.
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Discussion

In this dissertation the data on the phylogeny of microbial DNases, their domain
structure and salt tolerance of the corresponding microorganism (Fig. 1) was
studied. The results revealed that two types of domain organizations are found
exclusively in DNases from halotolerant / halophilic species: i) the C-terminus
of DNase fused to a Lamin tail domain, ii) the C-terminus of DNase fused to
a domain containing HhH duplicate motifs (RuvA domain2-like or DNA poly-
merase lambda fingers). These two types of motifs are not homologous, however,
they could be analogous in function. The HhH duplicate domain binds to DNA
and is found in many DNA interacting proteins [62]. The Lamin tail domain
was discovered in nucleus envelope of the eukaryotic cells and is also associated
with the binding to DNA [63, 64]. As it is well established, ionic strength has
a diminishing effect on electrostatic interactions. Therefore, an additional DNA
binding domain should enhance the activity of DNases in the presence of the
elevated ionic strength.

Amongst organisms that can tolerate salinity of ∼1.5 M and more (Fig. 1)
nine microorganisms having ten DNases were discovered. Out of the nine or-
ganisms eight were bacteria. For adaptation to high salinity bacteria usually
employ "salt-out" strategy using compatible solutes [65] and their intracellular
proteins might not be adapted to high salt concentrations. However, if proteins
from halotolerant bacteria have secretion signals then, most likely, they enter a
secretory pathway and, if are secreted, they should be evolutionary adapted to
elevated ionic strength. Therefore, it was searched for the presence of a secretion
signal (Table 1) and it was found that five of the DNases had an evident secretion
signal. Three of these DNases had a domain with duplicate HhH motifs that was
fused to a nuclease domain. For further investigations one such DNase, which
has a C-terminal domain with duplicate HhH motifs, have been selected. It was
examined if this domain was responsible for the resistance to high ionic strength.
The chosen DNase was from an extremely halotolerant species – Thioalkalivibrio
sp. K90mix.

The first task in performing experimental assays with this enzyme was to
evaluate the need for divalent cations. The data (Fig. 2) indicates that higher
concentrations of divalent ions are required for the optimal activity of DNaseTA
compared to its bovine counterpart. The analysis of the bovine DNase [66]
showed that the divalent ions were essential for DNA binding, as without bound
ions the DNA binding surface in eukaryotic DNase was electronegative and thus
unable to bind DNA. The electrostatic surface potential of the bovine DNaseI
and the DNase from Thioalkalivibrio sp. K90mix are visualized in Fig. 4. These
data might explain why the prokaryotic DNase requires higher concentration of
divalent ions. The DNA binding surface of the DNase from Thioalkalivibrio sp.
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K90mix has a much larger patch of electronegative area (Fig 4). This implies
that more divalent ions have to be bound to DNaseTA in order to make the
surface electro-positive and enable the binding to DNA.

Further the capability of DNase from Thioalkalivibrio sp. K90mix to digest
DNA substrates in a series of buffers where NaCl concentration was gradually
increased (Fig. 3) was explored. In these assays two compositions of divalent
ions were compared: one suboptimal, with lower concentrations, and the second,
using near optimal concentrations. Interestingly, the concentration of divalent
ions remarkably influences the resistance of the DNase to the ionic strength in
buffers with NaCl concentration up to ∼1 M. When the concentration of divalent
ions was low, gradual increase in a salt concentration revealed two peaks of the
activity: one in the absence of NaCl and the second, when the concentration
of NaCl was above 1.2M (Fig. 3 C, D). In contrast, when the concentration of
divalent ions was higher, there was no activity suppression by moderate concen-
trations of NaCl and a recovery by higher concentrations. This implies that at
the concentrations of NaCl ∼1.2 M and higher, divalent ions aid the enzyme to
maintain its activity and resist to the increasing ionic strength. As increasing
ionic strength weakens DNA – protein interaction, the data suggests that at the
higher concentration of divalent ions the prokaryotic DNase has higher affinity
to DNA than at the lower concentrations. Thus the dual peak of activity implies
that the increasing salt concentration gradually suppresses the activity and the
DNA binding domain is engaged only at higher salt concentrations thus rescuing
the enzyme’s ability to bind DNA.

The experimental data (Table 2, Fig. 3) implies that the C-terminal do-
main is indeed important for the adaptation of prokaryotic DNases to high ionic
strength. This notion was investigated by creating two mutants of the prokary-
otic DNase from Thioalkalivibrio sp. K90mix : the first mutant was generated by
removing the C-terminal domain of the enzyme, the second mutant harboured
an inactivating mutation in the active centre of the DNase domain. The mutant
with inactivating mutation in the active site of the DNase domain was created
in order to test the hypothesis that the C-terminal domain acted only as a fa-
cilitator for the DNase domain, but could not catalyse DNA hydrolysis by its
own. The mutant with the removed C-terminal domain was created to test if
this domain was required for the DNase’s activity at high ionic strength. The
catalytic activity impairment of the active site mutant and the diminished salt
tolerance of the mutant with the removed C-terminal domain was reliably con-
firmed by the data on digestion of short and long DNA substrates (Table 2, Fig.
3). Therefore, DNA hydrolysation by the prokaryotic DNase is catalysed by the
active site in the DNase domain and the C-terminal domain acts as a facilitator
at high salt concentrations (at least up to 4 M NaCl). Contrastingly, the bovine
DNaseI is completely inhibited by NaCl concentrations above 1.2 M.

The modelled structures of DNases from two extremely halotolerant organ-
isms Thioalkalivibrio sp. K90mix and Methanohalobium evestigatum as well as
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the subsequent electrostatic calculations indicated that the surfaces of these pro-
teins are more electronegative compared to their eukaryotic counterparts (Fig.
4). The adaptation of the enzyme to saline environments results in accumulation
of negative amino acids on the surface [67, 68]. The data presented in Fig.4 B
clearly illustrates this trend: the extremely halophilic DNase from Methanohalo-
bium evestigatum has the largest electronegative surface, the moderate halophilic
DNase from Thioalkalivibrio sp. K90mix has a smaller area of the electronega-
tive surface and the non-halotolerant bovine DNaseI has almost no electronega-
tive areas on the surface of the protein side that is not facing DNA. Therefore,
the prokaryotic DNaseI homologs tend to accumulate negatively charged sur-
face residues during the adaptation to high salt concentrations and follow the
tendency observed in other proteins [67, 68].

A remarkable fact is that we observe accumulation of negatively charged
residues in the DNA binding pocket of the protein (Fig.4 A) when we compare
DNaseTA (from extremely halotolerant organism) and bovine DNaseI. This is
quite remarkable as some DNA binding proteins (TATA-binding protein, ribo-
some elongation factor) do not acidify during adaptation to high salinity [69]
as such adaptation might interfere with the catalytic efficiency by disrupting
contacts with DNA. Therefore, in the case of DNaseTA evolution was forced
to find a compromise between a necessity to enhance DNA binding under high
ionic strength, which hindered electrostatic interactions, and a necessity to adapt
protein surface to high salt concentrations via additional negative charges. The
compromise was to enhance DNA binding via an additional DNA binding do-
main, which was experimentally proved to be responsible for the halotolerant
properties of the DNase from Thioalkalivibrio sp. K90mix.

Therefore in this dissertation it has been demonstrated that a DNase from an
extremely halotolerant bacterium Thioalkalivibrio sp. K90mix retains activity
at high salt concentrations and a (HhH)2 DNA-binding domain plays the key
role here [20]. As discussed above this nuclease is a natural fusion of EPE (ex-
onuclease/endonuclease/phosphatasesuperfamily) and H3TH (two tandem HhH
motifs) domains. Subsequently, it was decided to construct analogous fusions
of bovine DNaseI that would potentially have enhanced halotolerant properties
compared to the wild type bovine DNaseI. DNaseTA has been chosen as an
obvious „donor“ of a H3TH domain that could be fused to bovine DNaseI. Ad-
ditionally, the origin of the H3TH domain in DNaseTA was tracked in order to
choose other fusion partner.

The phylogenetic analysis (Fig. 5) shows that the H3TH domain originates
from proteins that were related to bacterial competence proteins ComE/ComEA,
which harboured single H3TH domain or combination of H3TH and SLBB do-
mains. Such domain organization having protein could be a predecessor of the
H3TH domain in bacterial DNases, including DNaseTA. The published data re-
veals two relatively well characterized ComE/ComEA proteins: i) ComEA pro-
tein from Bacillus subtilis, which is a cell surface DNA receptor (H3TH domain)
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with the N-terminal fragment (SLBB superfamily domain) anchoring to mem-
brane [6, 21], and ii) ComE protein from Neisseria gonorhoeae [61], which com-
prises single H3TH domain and serves as a part of the machinery that transfers
external DNA through periplasm. These proteins were considered as potential
„donors“ of the H3TH domain for bovine DNaseI and the ComEA protein from
B. subtilis was chosen due to its domain organization. This protein comprises two
domains; therefore, it was possible to use the naturally occurring inter-domain
linker for the fusion.

Interestingly, the phylogenetic tree shown in Fig. 5 indicates that the H3TH
domain in the bacterial DNases is closely related to homologous domains in a dis-
tinct groups of proteins that have a H3TH domain fused to a metallo-β-lactamase
superfamily domain (lactamase-β-H3TH proteins). A H3TH domain of one
lactamase-β-H3TH protein is more closely related the homologous domains of the
bacterial DNases than to the homologous domains of other lactamase-β-H3TH
proteins. Thus, it is likely that these proteins inherited the H3TH superfamily
domain from the bacterial competence related proteins and then lactamase-β-
H3TH proteins served as „donors“ of the H3TH domain for the nucleases. Ability
to catalyse DNA hydrolysis by several metallo-β-lactamase domain having pro-
teins was experimentally demonstrated [70–72]. Therefore, it is quite possible
that the metallo-β-lactamase domain catalyses hydrolysis of nucleic acids, while
the accompanying H3TH domain enhances nucleic acid binding properties as it
is in the case of DNaseTA. However, this statement requires experimental verifi-
cation and is out of the scope of this study. The protein from Chinese hamster,
which was used in the phylogeny analysis as an outgroup, is another example of
potential evolutionary convergence. In this protein two H3TH domains are fused
to the EEP domain (DNaseTA has one EEP and one H3TH domain). Thus, evo-
lution has several times combined DNA binding domains with the domains that
are similar to DNaseI.

Two H3TH domains have been selected to be fused with eukaryotic DNaseI:
i) the DNaseTA domain, which has been evolutionary fused with DNaseI-like
domain resulting in extremely salt tolerant bacterial DNase (the resultant fusion
is abbreviated as DNaseDT); ii) the domain of ComEA protein from B. subtilis,
which is also a multi-domain protein (the resultant fusion is abbreviated as
DNaseBS). In order to create a fusion protein comprising several domains it is
critical to select the proper inter-domain linker [73,74]. In this study the natural
inter-domain linkers of the two multi-domain proteins have been employed. This
approach proved to be correct since only one set of the fusions have been tested
and it was succeeded in creating functional enzymes.

In this study both of the fusions were shown to be more salt tolerant than
bovine DNaseI, albeit to different extent: the H3TH domain of DNaseTA enabled
detectable catalytic activity even at 4M of NaCl, while the fusion harbouring the
H3TH domain of ComEA protein from B. subtilis was evidently less salt tolerant
at this concentration (Fig. 6). The differences could be partially explained
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by the origin of the two H3TH domains. The H3TH domain harboured by
DNaseBS originates from the ComEA protein of Bacillus subtilis. This protein
is located on the outer cell surface; thus, it is exposed to the outside environment
acting as a DNA receptor [6,75]. Bacillus subtilis can tolerate some fluctuations
in salinity, but grows best in low salinity environment and is not a high salt
tolerant bacterium [76]. The natural environment of this bacterium is soil. In soil
the salinity increases episodically in conjunction with desiccation. In contrast,
the H3TH domain harboured by DNaseDT originates from an extremely salt
tolerant bacterium Thioalkalivibrio sp. K90mix. The natural environment of
this bacterium is soda lakes - an extremely saline habitat [53]. Thus, it is likely
that the salt tolerances of the two fusions DNaseDT and DNaseBS differ because
the corresponding H3TH domains were evolutionary adapted to bind DNA at
different salinity.

The results of molecular modelling provide some insights on molecular basis
of the apparent differences in the salt tolerance of the two fusions. Both H3TH
domains bind DNA phosphates with two positive residues, albeit the H3TH do-
main from Thioalkalivibrio sp. K90mix potentially forms more hydrogen bonds
(Table 4). The differences became more evident when changes in polar elec-
trostatic solvation energy upon complex formation were modelled at increasing
NaCl concentrations (Table 5). The modelling suggested that upon binding of
the H3TH domain from Thioalkalivibrio sp. K90mix to DNA more sodium ions
should be released to the solvent, compared to the corresponding binding of the
H3TH domain from Bacillus subtilis . This nicely agrees with the experimental
data on DNA-binding by two DNA polymerases: more sodium ions were released
in case of a more salt tolerant polymerase [77].

However, the collected data still do not allow to explain why DNaseBS is more
resistant to ionic strength than DNaseDT at relatively low salt concentrations
(up to 100 mM NaCl) (Fig. 7). This difference could be explained by presuming
that the domain from Bacillus subtilis efficiently interacts with DNA at low salt
concentrations while the homologous domain from Thioalkalivibrio sp. K90mix
acts in its full potential only at high ionic strength [20].

Proteins tend to accumulate negatively charged surface residues during the
adaptation to high salt concentrations [67,68]. However, in this case the surface
electrostatic potential of the H3TH domain from the extremely salt tolerant
bacterium (DT) is only slightly less electro-positive than the homologous domain
(BS) from the less salt tolerant bacterium (Fig. 9) - no extensive acidification
is evident. This is in agreement with the analysis done by Becker et al. [69]. In
this study acidification of nucleic acid binding pocket was not observed in TATA-
binding protein and ribosome elongation factor, when proteins from halophilic
and mesophilic organisms were compared.
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Conclusions

1. C-terminal DNA binding domains that are found in many DNaseI-like nu-
cleases from halotolerant / halophilic prokaryotes might be an evolutionary
adaptation enabling DNA hydrolysis at high ionic strength. Prokaryotic
DNaseI-like nucleases that have C-terminal (HhH)2 domain are found only
in halotolerant / halophilic bacteria.

2. The C-terminal (HhH)2 domain in DNaseI-like nuclease from an extremely
halotolerant bacterium Thioalkalivibrio sp. K90mix is the key factor en-
abling DNA digestion at high salt concentrations.

3. DNA binding interface and the remaining surface of DNaseI-like nuclease
from Thioalkalivibrio sp. K90mix contain more negative residues compared
to its non halotolerant / halophilic homolog. It is likely that the DNA
binding domain alleviated accumulation of the negative residues at DNA
binding surface of the nuclease domain during adaptation to high salinity.

4. Origin of the C-terminal (HhH)2 domain in DNaseI-like nucleases from halo-
tolerant bacteria is related with bacterial competence proteins ComE/ComEA.
It is likely that this domain originated from ComE/ComEA family proteins:
lactamase-β-H3TH proteins could inherit the domain from the bacterial
competence proteins and then „donate“ the domain to the nucleases.

5. Resistance to ionic strength of a non halotolerant / halophilic DNaseI was
successfully increased by fusing a (HhH)2 domain. In this way the evolu-
tionary step that occurred during adaptation to high salinity and formed
the chimeric bacterial DNaseI-like nucleases was successfully mimicked in
vitro.

6. Molecular modelling data suggests that differences in tolerance for high
ionic strength between the two created DNaseI fusions could be due to
differences in hydrogen bonding between the fused domains and DNA and
different ability to transfer cations to solvent during DNA-protein complex
formation.
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Reziumė

Šiame darbe buvo analizuojamos į DNazę I panašios prokariotinės nukleazės.
Buvo pastebėta, kad daugeliui DNazės I šeimos baltymų iš halofilinių/ drusk-
ingumui pakančių prokariotų yra būdinga panaši domeninė struktūra: nukleazi-
nis domenas sulietas su C-galiniu galimai DNR rišančiu domenu.

Darbo metu buvo parodyta, kad tokia į DNazę I panaši nukleazę iš itin drusk-
ingumui pakančios bakterijos Thioalkalivibrio sp. K90mix yra aktyvi iki 4 M
NaCl. Šios nukleazės mutantų savybės, nustatytos eksperimentiškai, parodė,
kad esminis faktorius, leidžiantis šiam fermentui hidrolizuoti DNR didelėje jon-
inėje jėgoje, yra C-galinis DNR rišantis domenas, kurį sudaro du HhH motyvai.
Molekulinis modelliavimas leido daryti prielaidą, kad papildomas DNR rišantis
domenas įgalino kaupti neigiamo krūvio aminorūgštis DNazinio domeno DNR
surišimo paviršiuje, bakterinėms DNazėms prisitaikant prie didelio druskingumo.

Filogenetinė analizė parodė, kad dvigubo HhH motyvo domenas, randamas
į DNazę I panašiose nukleazėse iš halofilinių/ druskingumui pakančių bakterijų,
kilo iš kompetencijos sistemos ComEA/ComE baltymų, kurie lemia gebėjimą
įsisavinti ekstraląstelinę DNR. Šiame darbe pavyko in vitro imituoti evoliucini
žingsnį, kuomet druskingoje aplinkoje gyvenančiuose prokariotuose susiformavo
chimeriniai baltymai, turintys DNazinį ir dvigubo HhH motyvo domenus. Buvo
sukurti analogiškos domeninės organizacijos jaučio DNazės I liejiniai, pasižymintys
didesniu atsparumu joninei jėgai nei DNazė I. Abiejų liejinių atsparumas drusk-
ingumui buvo skirtingas. Šį skirtumą galima aiškinti remiantis molekuliniu mod-
eliavimu, prognozuojančiu skirtingą prilietų domenų sąveiką su DNR ir gebėjimą
nustumti katijonus nuo DNR, vykstant baltymo – DNR sąveikai.
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