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Abstract The o/f-type small acid soluble proteins
(SASPs) are a major factor in protecting the spores from
being killed in bacteria. In this article, we perform a
systematic phylogenetic analysis of the o/3-type SASP in
the genus of Geobacillus, which indicates that the whole
family can be divided into three groups. We choose one
protein from each group as a representative and construct
the tertiary structure of these proteins. In order to explore
the mechanism of protecting DNA from damage, 15 ns
molecular dynamics simulation for the four complexes of
Gsy3 with DNA are performed. The sequence alignment,
model structure and binding energy analysis indicate that
the helix2 region of SASPs is more conserved and plays a
more crucial role in protecting DNA. Pairwise decompo-
sition of residue interaction energies calculation demon-
strate that amino acids of Asnl0, Lys24, Asn49, Ile52,
Ile56, Thr57, Lys58, ArgS9 and Val61 take major effect in
the binding interaction. The differences of energy contri-
bution of the amino acids between different complexes
make us conclude that the protein structure conformation
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has a slight change upon more proteins binding to DNA
and consequently there occur protein-protein cooperation
interactions.

Keywords o/f3-type small acid soluble proteins -
Binding energy - DNA-binding protein - Molecular
dynamics - Phylogenetic analysis

Introduction

The o/f3-type small acid soluble protein is one of the major
factors in protecting DNA of bacteria from damage to
desiccation, heat, toxic chemicals, enzymes and UV
radiation by saturation with DNA. The o/p-type SASP
belong to nonspecific DNA-binding proteins, which have
one conserved helix-turn-helix DNA binding domain [1, 2].
Spores of bacteria, especially for bacillus and clostridium
contain a number of SASPs, comprising 10-20% of the
total spore proteins [3]. Experimental analyses indicate that
the binding of the o/f-type SASPs variants to DNA can
prevent attack on DNA bases by water and thus may be
able to protect chromosomes from endogenous and exog-
enous reactive chemicals by excluding them from the
vicinity of DNA [4]. In addition, due to its non-sequence-
specific binding with DNA, it can be designed as a new
antibacterial agent [5].

The crystal structure of the engineered o/f3-type SASP-
DNA complex reveals that three molecules of the o/3-type
SASP interact cooperatively with DNA through minor
groove contacts along the right-hand direction of the DNA
helix. The DNA conformation changes from B type to A-B
one along with the protein binding [1]. Besides, 35-40% of
the protein and DNA surfaces are buried in the complex
which indicates that there are many specific interactions
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specially the conserved hydrogen bond interactions. Mean-
while, it is known that the o/3-type SASPs prefer to bind to
GC-rich DNA than AT-rich one, in particular to polydG—
polydC [6—10]. In addition, salt concentration and concentra-
tion of pyridine-2,6-dicarboxylic acid are also crucial for the
longevity of the o/B-type SASP-DNA complex [11].

In this study, we mainly use bioinformatics methods to
study the binding mode of the o/fp-type SASPs in
Geobacillus with DNA. The engineered crystal protein is
extracted from the genus of bacillus subtilis. Both bacillus
and geobacillus (genus) belong to bacillaceae (family) and
are widespread in nature. The comparison of the «/3-type
SASP’s binding with DNA between different organisms can
help us deeply understand the mechanism of the o/(3-type
SASPs protecting DNA from damage. First, by systematic
phylogenetic analysis, the whole family of Geobacillus o/
-type SASPs can be divided into three groups. Second, in
order to explore the mechanism of the o/f3-type SASPs
protecting DNA from damage, 15 ns molecular dynamics
simulation for the complexes of one kind of SASPs (Gsy3:
ZP 03039201) with DNA are performed. As to Lee et al’s
report, there are many intermolecular protein-protein
interactions between the o/p-type SASPs [1]. Thus, we
construct single-protein-DNA complex, two-protein-DNA
complex and three-protein-DNA complex to study the
detailed interaction profiles and compare the energy
contribution of the residues in different complexes. Many
experiments have pointed out that protein conformation will
have a change upon DNA binding recently [12—14], our
study will join the discussion due to the point of energy
change of these residues. Above all, this research will be
helpful for the further experimental study on the binding
mode between DNA and the o/f3-type SASPs.

Methods

Sequence alignment and phylogenetic analysis
of the o/f3-type SASPs

The o/3-type SASPs sequences of geobacillus are retrieved
from NCBI (http://www.ncbi.nlm.nih.gov/) and the acces-
sion numbers (Table 1) are used to distinguish these
sequences. The sequences alignment of 16 o/3-type SASPs
is performed by ClustalW program with default settings [15].
The distance matrix is calculated based on the alignment and
the phylogenetic tree of the protein family is generated by
PHYLIP software [16]. To evaluate the reliability of the
inferred tree, bootstrap analysis is used. The sequences are
bootstrapped 1000 times by randomly choosing columns
from the original alignment by using the program SEQ-
BOOT [17]. The majority rule consensus tree is created by
CONSENSUS [18] and the tree is viewed with MEGA [19].

Model construction of o/3-type SASPs and DNA complex

The three proteins of Gsyl, Gsy3, and Gsw1 are chosen as
the representatives from the three groups according to the
phylogenic tree. Two methods are employed to construct
the tertiary structure of the o/f-type SASP based on the
sequence identity between template and target proteins. The
protein structures of Gsyl and Gsy3 are constructed by
Modeller [20] program using the corresponding protein
template of the crystal structure (PDB code 2Z3X). The
sequence alignment of the o/f3-type SASPs and template
protein is performed by means of ModellerV8.1 using the
Blosum matrix. Models are generated as pdb files using
spatial structure restraints on the target sequence derived

Table 1 The «/f3-type SASPs

sequences of geobacillus Accession number Species Protein abbreviation

(genus) collected from NCBI
YP 146482 Geobacillus kaustophilus Gkal
YP 146787 Geobacillus kaustophilus Gka2
YP 148647 Geobacillus kaustophilus Gka3
ZP 03146609 Geobacillus sp. G11IMC16 Gsg
ZP 02914444 Geobacillus sp. WCH70 Gswl
ZP 02913997 Geobacillus sp. WCH70 Gsw2
ZP 02913229 Geobacillus sp. WCH70 Gsw3
ZP 02914110 Geobacillus sp. WCH70 Gsw4
ZP 03037710 Geobacillus sp. Y412MC10 Gsyl
ZP 03038208 Geobacillus sp. Y412MC10 Gsy2
ZP 03039201 Geobacillus sp. Y412MC10 Gsy3
ZP 03042334 Geobacillus sp. Y412MC10 Gsy4
ZP 03042338 Geobacillus sp. Y412MC10 Gsy5
YP_001124668 Geobacillus thermodenitrificans Gthl
YP 001124944 Geobacillus thermodenitrificans Gth1
YP 001126787 Geobacillus thermodenitrificans Gthl
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from its alignment with the template structure. Initially, 50
models are obtained for the o/f3-type SASP conformers
using ModellerV8.1. Since Gsw1 has low sequence identity
with the template protein, homology modeling is not
applicable for the model building of this protein. The I-
TASSER [21] online web server is adopted for predicting
protein structure. The quality of the candidate models is
evaluated using procheck [22], Dope [23] and Ga341 [24]
methods. The model that ranks the highest under these
evaluation criteria is used in subsequent MD simulations.
The refinement of the model is obtained by energy
minimization: 5000 iterations of steepest descent (SD)
calculation are carried out and then the conjugated gradient
(CG) calculation is performed until the convergence on the
gradient reaches 0.1kcal/(A mol) with AMBER force field.
After the above simulations, Amber software package [25]
is used to perform molecular dynamics (MD) calculation.
The temperature of the simulation is 300K and explicit
solvent model TIP3P water is used to solve the protein with
a 12 A water cap. Finally, a conjugate gradient energy
minimization of full protein is performed until the root
mean-square (rms) gradient energy is lower than
0.001 kcal/(A mol). After finishing all the above steps,
the quality of the initial protein model is improved.

The next step is to construct the initial complex
structure of the protein model with DNA for further
molecular dynamics analysis. The initial structure is
obtained by transferring the corresponding protein in
the published structure of the complex (PDB code
273X) [9] to the modeled protein Gsy3 (ZP_03039201)
by pair-wise sequence alignment. Based on this initial
structure, the single-protein-DNA complex, two-protein-
DNA complex, and three-protein-DNA complex are also
produced in order to make clear the difference between
one protein and more proteins in DNA binding. To
discriminate the position of the three proteins, they are
named A, B and C, respectively. Four complexes systems
including A-DNA complex, C-DNA complex, AC-DNA
complex and ABC-DNA complex are constructed for
further MD study.

Molecular dynamic (MD) simulation

MD simulations are carried out at the molecular
mechanics level using AMBERff99SB force field as
implemented in AMBERY9 programs [25]. Structures of
the complex models are solvated in a truncated octahedral
box of TIP3P water extending at least 12 A in each
direction from the solute as the physical state of water in
bacterial spores has been made clear [26], and the cut-off
distance is kept to 12 A to compute the nonbonded
interactions. Prior to MD simulations, the systems are
relaxed by a series of steepest descent (SD) and

conjugated gradient (CG) minimizations. MD simulations
are performed based on each of the minimized systems by
gradually heating over 50 ps from 0 to 300 K with the
protein backbone atoms fixed using a force constant of
2 keal/(mol A?%). Then, 50 ps of density equilibration with
the same restraints on the protein backbone are carried
out. The following step is constant pressure equilibration
at 300 K. All simulations are performed under periodic
boundary conditions, and long-range electrostatics is
treated by using Particle-Mesh-Ewald method. The time
step is set to 2 fs and the trajectory is recorded every 2 ps
with shake on hydrogen atoms and langevin dynamics for
temperature control.

Analysis

Root-mean-square deviation (RMSD) of the o/fB-type
SASP with DNA complex backbone atoms during MD
production phase relative to the starting structure is
calculated using PTRAJ module of AMBER program suite
to assess stability of MD trajectories. MD simulations could
make an explicit analysis of hydrogen bonds properties,
such as donor-acceptor assignments and hydrogen bonds
occupancies. The o/f-type SASP with DNA complex
hydrogen bonds are analyzed using PTRAJ module of
AMBER. Criteria for identifying hydrogen bonds are as
follows: (1) the distance between proton donor (X) and
acceptor (Y) atoms is less than or equal to 3.5A (2) the
angle X-H...Y is greater than or equal to 120°. Special
attention is given to stable hydrogen bonds, those held this
mode at least 50% of the simulation period [27].

Binding free energy calculation

DNA binding energy is computed using molecular mechanics
generalized Born solvent area (MM-GBSA) methodology [28]
and molecular mechanics Poisson—-Boltzmann surface area
(MM-PBSA) of Amber SANDER modules. In this approach,
frames of one trajectory are stripped off counter-ions and
water molecules. In order to obtain a detailed view of DNA
binding, the interaction energies are further decomposed to
each the o/B-type SASPs residue and DNA. These decom-
positions are possible for molecular mechanics and free
energy of solvation, not for entropies. The details of the
underlying theory are described elsewhere [29].

Results and discussion
Sequence alignment and phylogenetic analysis

From the phylogenetic tree, the o/p-type SASPs of
geobacillus can be divided into three groups (Fig. 1a). By
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Fig. 1 (a) Phylogenetic relationship among the «/B-type SASP of geobacillus (genus). MP bootstrap supports (>50%) are shown on the nodes.
The divided three groups are characterized by different colors. (b) Sequences alignment of the «/f3-type SASPs using ClustalW

further analysis to the sequences alignment result, these
three groups are much different from each other
(Fig. 1b). The o/p-type SASPs are usually less than 100
amino acids and have two o-helical conserved regions
besides a turn region between them. In the phylogenetic
tree, group 1 has the extreme similar sequence composi-
tion as the reported crystal one [1]. The separate branch,
Gsyl is a special case, which has the same conserved «-
helix region as others in group1, but the turn region is very
long and completely different. It has been reported that the
two helix regions play an important role in the interaction
with DNA and the turn region has no regular structure. We
predict this long turn may be evolved to a more conserved
short turn to keep the two helix regions stable, which can
be verified as the majority of the o/p-type SASPs
sequences have a small turn region. Group 2 represents
another form of the o/p-type SASPs, the turn region of
which have the same consensus sequence QDGYQGNYT.
The function of these residues can be found out by further
MD analysis of the DNA and proteins interactions. Group
3 has the least conserved residues compared with other
groups in the whole helix—turn—helix motif region. It can
be inferred that those proteins do not work as efficiently as
other groups and may appear ecarly in the o/p-type
SASPs’ lifestyle. With the change of the environment,
the «o-helix region in group 3 proteins becomes more
conserved and keeps stable until so far. The division of the
o/B-type SASPs provides us a new understanding to the
divergence of the protein sequence compared with the
report by Setlow [11]. Generally speaking, there are more
conserved amino acids in helix2 than helix1, especially in
groupl and 2, which probably indicate helix2 effects more
in DNA binding.

The o/P-type SASPs structure construction

Based on sequence alignment and phylogenetic analysis
results (Fig. 1), three proteins including Gsyl, Gsy3 and
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Gswl are chosen as representatives for the structure
construction from each group. Gsyl has the same
conserved «-helix region as the crystal one in groupl
[1], but the turn region is very long and completely
different. Gsy3 is more similar to the crystal protein than
Gswl and Gsyl. It is a great candidate protein to
investigate particularity and universality in their binding
to DNA with the crystal one in further research. Since the
phylogenetic tree and sequence alignment do not show
any distinct difference in those group3 proteins, we
randomly select Gswl as the third representative.
Figure 2b shows the detail residues alignment and the
identities between these proteins and the crystal protein
(PDB code 2Z3X) are 46%, 37% and 14%, respectively.
The protein structures of Gsyl and Gsy3 are constructed
by Modeller while Gswl is produced with I-TASSER
[21]. From the procheck results (Fig. 2a), we can see the
residues located in the most favored regions are 90.8%,
93.7% and 96.2% (all > 90%), indicating the reasonable
conformations of the 3D structures. Structure compar-
isons confirm that all of them belong to the family of
HTH motif DNA-binding proteins with the help of SSAP
server [30]. The major differences between the three
proteins lie in the loop regions, including the N terminal,
C terminal coil and the turn region. The two helices are
relatively conserved, which are important for DNA
binding. Moreover, the helix]l is more changeable
compared with the helix2. The RMSDs for the helix2
Ca-atoms of three o/fp-type SASPs with the crystal
protein’s (PDB code 273X) helix2 are 1.15 A, 0.89 A,
0.80A, respectively.

MD simulations of the o/[3-type SASPs and DNA
complexes

It has been reported that the o/f3-type SASPs protect the
DNA of bacteria from damage by deeply binding to the
target DNA [31]. The comparison of the «/f3-type SASP’s
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Fig. 2 (a) The model structure
of three representative o/f3-type
SASPs (left) and Ramachandran
plot of the model proteins
(right). The most favored
regions are red, and additional
allowed, generously allowed,
and disallowed regions are
indicated as yellow, light yellow,
and white, respectively. (b)
Sequences alignment between
three representatives and the
crystal protein (PDB code
273X)
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binding with DNA between different organisms can help
us understand the mechanism of the o/@-type SASPs in
DNA damage process. Gsy3 is more similar to the crystal
protein, and they belong to the different groups. So we
select Gsy3 as one representative protein for the further
research to investigate particularity and universality in
their binding to DNA with the crystal one. Consequently,
15 ns molecular dynamics for the complexes of Gsy3 with
DNA, which include two single-protein-DNA complexes
(A-DNA and C-DNA), one two-protein-DNA complex
(AC-DNA) and one three-protein-DNA complex (ABC-
DNA, Fig. 3) are performed. Classic HTH motif of DNA
binding protein family is normally bound in the major
groove of DNA [2], while the o/3-type SASPs show HTH
motif mainly interacting with the minor groove of DNA
[32]. In particular, helix1 of our constructed structure lies
on the edge of the minor groove while helix2 is located in
the minor groove along the right-hand direction of the
DNA helix.

Stability of MD trajectories

In this study, we simulate as long as 15 ns to insure
the equilibration phase long enough for further calcu-
lation. Root-mean-squared deviations (RMSDs) values
for the backbone atoms of the complex relative to the
starting structure of the heating phase are plotted to
assess their stability (Fig. 4). These data show that the
trajectories are stable after simulating about 5 ns. Snap-
shots belonging to 5 ns to 15 ns are extracted for the

Fig. 3 The modeled complex structure composed of three molecules
of Gsy3 and 10 base pair DNA. Green color: A; Magenta: C; Cyan: B.
Helix1 is located in residues 14 to 31 while helix2 is in residues 46-68

@ Springer

further hydrogen bond interactions and binding energy
analysis.

Interactions of the a/B-type SASPs with DNA

It has been reported that protein B assumes a dimeric
arrangement by interacting with another protein molecule
from a crystallographic symmetry related complex [1].
Thus, we pay more attention to the interactions between
protein A, protein C and DNA. Tables 2 and 3 and Fig. 5
have shown the hydrogen bonding interactions between
protein A, C and DNA in the ABC-DNA complex. The
hydrogen bonds profile in our system is also compared with
the crystal complex [1].

In protein A of ABC-DNA complex, the amino acids in
N terminal regions, specifically Asn6, Asn7, Ser§ and
Asnl0, all form hydrogen bonds with the DNA, but in A-
DNA and AC-DNA complexes, these hydrogen bonds do
not exist (data not shown), which indicates the stable N
terminal conformation in the final structure. Interestingly,
the conserved Lys24 is present in A-DNA and C-DNA
complexes by interacting with the base G8, the same form
as the crystal complex, but it is absent in ABC-DNA
complex. The reasonable explanation could be that the
crystal protein belongs to groupl in the phylogenetic tree
(Fig. 1), while our studied protein (Gsy3) is located in
group2 of the o/B-type SASPs family.

In protein C of ABC-DNA complex, there are not as
many N terminal forming hydrogen bonds amino acids as
in protein A except for Ser§8 which forms three hydrogen
bonds with three different DNA bases. However, in C-DNA
and AC-DNA complexes, these hydrogen bonds do not
exist, which is the same case for Gln41. This may suggest
that the conformation of protein C has a slight change in the
final complex. In contrast to protein A in ABC-DNA
complex, the side chain NH group of the conserved Lys24
forms the hydrogen bond with the phosphate O of base A22
in this complex, which is in accordance with the crystal
structure. Besides, the conserved Asn49, Gly50 and Thr57
here also have the same behavior like Lys24 forming
consistent hydrogen bonds in both the crystal complex and
our constructed complex (ABC-DNA) [1].

In addition to the interactions between protein and DNA,
the interactions between protein A and C also play an
important role in determining the orientation of the two
proteins and further affect the stability of the complex.
Argl5 in protein A forms two hydrogen bonds with protein
C, one of the hydrogen bonds is formed between its side
chain NH group and the backbone O of GIn71 in protein C,
the other is between its backbone O and the side chain NH
group of GIn66. Amino acid Glu65 in helix2 of protein A
forms a hydrogen bond with the side chain NH group of
GIn67 in protein C, which is also located in helix2. The last



J Mol Model (2011) 17:3183-3193

3189

Fig. 4 RMSD of the backbone 9
atoms for four complexes, 1
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residue of GIn75 in protein A forms a hydrogen bond with
the side chain group of Asn7 in protein C. These hydrogen
bonds altogether facilitate the dimerization of the two
SASPs.

To summarize briefly, the above hydrogen bonds
network must have played a crucial role in keeping the
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whole structure stable which is similar with Lee et al’s
report. By comparing the hydrogen bond profile of our
result (Fig. 5) with theirs, it is easy to find that some
conserved hydrogen bonds such as the above talking
Lsy24, Gly50, Thr57 are nonspecific while others are
specific in the two different organisms. In addition, after

Table 2 The hydrogen bonds

between the residues of protein A, Residue Atom DNA Atom Distance(A) Angel(deg) Occupancy(%)

C and the bases of DNA in

ABC-DNA complex (the s and b Protein A

in bracket means side chain and Asn6 O(b) Cl12 Cytimidine N4H 2.941 160.08 97.13

backbone, respectively) Asn7 NHGs) — G7 Guanine 06 2.882 162.85 99.48
Asn7 O(s) Cl4 Cytimidine N4H 3.029 146.59 92.62
Ser8 OH(s) G7 Guanine O6 2.708 162.40 98.63
Asnl0 NH(s) G7 Phosphate O 2.878 160.89 99.56
Asn49 O(s) G7 Guanine N2H 2.849 159.03 99.64
Asn49 NH(s) G7 Guanine N3 3.024 151.03 98.55
Asn49 NH(s) G8 Sugar O4' 3.157 140.27 68.85
Gly50 O(b) G6 Guanine N2H 3.219 139.60 66.83
Thr57 OH(s) G5 Guanine N2H 3.174 142.44 73.37
Thr57 OH(s) G5 Guanine N3 2.903 159.00 63.88

Protein C

Ser8 OH(s) Gl Guanine O6 2.717 159.00 96.97
Ser8 O(s) A22 Adenine N6H 3.039 143.87 86.12
Ser8 O(b) C21 Cytimidine N4H 3.041 147.31 72.84
Lys24 NH(s) A22 Phosphate O 2.784 161.26 54.48
Gln4l NH(s) A22 Adenine N3 3.073 160.68 63.32
Gln4l NH(s) Gl Guanine N3 3.161 152.13 57.87
Ser46 O(b) Gl Guanine N2H 3.067 155.79 62.31
Asn49 NH(s) A22 Sugar O4' 2.912 154.48 94.11
Asn49 NH(s) C21 Cytimidine O2 2.958 141.31 68.68
Gly50 O(b) G2 Guanine N2H 2.984 155.57 99.27
Thr57 OH(s) C19 Cytimidine O2 2.818 159.86 97.94
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Table 3 The hydrogen bonds

between the residues of protein Protein A Atom Protein C Atom Distanc(A) Angel(deg) Occupancy(%)
A and C in ABC-DNA complex

Argls NH(s) GIn71 O(B) 2.944 148.30 52.58

Argl5 O(b) GIn66 NH(S) 3.049 156.79 93.18

Glu6s OE2(s) GIn67 NH(S) 2912 163.07 94.11

GlIn75 O(s) Asn7 NH(S) 2.943 159.42 89.14

carefully examining the interacting profile, it is found that
helix2’s residues contribute more to hydrogen bonding
interactions than helix1’s.

Binding energies

In order to evaluate the binding activity between protein
A, C and DNA, MM-PBSA analysis is performed for
the four systems including A-DNA complex, C-DNA
complex, AC-DNA complex and ABC-DNA complex.
The interaction energies correspond only to the enthalpy

Fig. 5 Summary of the
hydrogen bonding interactions
between the o/3-type SASPs
and DNA (indicated by arrows).
Magenta: protein A; Cyan:
protein C

contributions of free energy of binding. Since these
model structures are homology modeling structures, the
absolute values of these energies may vary. However,
even with these qualifications, the relative importance
of each protein or residue can be inferred by its rank
order of interaction energy [33, 34]. From Table 4, we
can find that the binding energy of protein A become
more negative when more proteins bind to DNA,
especially when protein C binds forming AC-DNA
complex, the absolute value of the total binding free
energy calculated by the MM-PBSA method (PBTOT)
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Table 4 Binding free energies
(kcal mol™) between the Method  Contribution ~ Complex
o/f3-type SASPs and DNA in
the complexes A-DNA AC-DNA ABC-DNA C-DNA AC-DNA ABC-DNA
A binding C Binding
MM ELE J1042 21417 -188.05 -85.51 -8.03 -36.93
VDW 11943 21737 239.03 110517 -216.11 212.00

BLE, electrostatic interactions; GAS -129.84  -431.54 -427.08 -190.67  -224.14 248.93
VDW, van der Waals PBSA  PBSUR -13.52 2844 3255 21340 2920 2831
interactions between the PBCAL 59.07 315.30 298.50 139.71  114.75 118.28
fragments; GAS, addition ELE+ PBSOL 45.55 286.86 265.94 12631 85.55 89.98
VDW+INT being the binding
enthalpic contributions in PBELE 48.66 101.13 110.44 5421 106.72 81.36
vacuum; PBSUR, nonpolar PBTOT 8429  -144.67 -161.14 6436 -138.59 -158.95
contribution to solvation; GBSA GBSUR -13.52 -28.44 -32.55 -13.40 -29.20 -28.31
PBCAL, polar contribution of
A GB 58.22 311.72 288.75 136.06  114.03 127.36
PBCAL: PBELE, PBCAL +ELE GBSOL 44.70 283.28 256.20 122.66  84.84 99.05
addition; PBTOT, total binding GBELE 47.81 97.55 100.70 50.55 106.00 90.43
free energy calculated by GBTOT 85.14  -148.26 -170.88 -68.01 -139.30 -149.88

MM-PBSA method

has a great increase. It can be deduced that there are
cooperative interactions between protein C and A to
make the whole binding more effective, which can also
be proved by the change of the binding energy of protein
C from C-DNA complex to AC-DNA complex. Above
all, the major contribution to the binding free energy is
from van der Waals contribution (VDW) in these
complexes.

Decomposition of energy on each amino acid residues

To determine the key residues in DNA binding, the
interaction energies of each individual amino acid of
protein A and C with DNA in single-protein-DNA
complex, two-protein-DNA complex and three-protein-
DNA complex are calculated. Figure 6 shows the relative
decomposed energies with the absolute relative energy
larger than 1 kcal mol™ versus amino acids of protein A
and C in their corresponding three complexes. Here, the
different contributions of every residue between these
complexes are also compared. Figure 6a shows that
Asnl0, Lys24, Asn49, Ile52, 1le56, Thr57, Lys58, Arg59
and Val6l in protein A have lower decomposition energies
compared with other residues, which affect more in DNA
binding in three A-protein containing complexes. There are
clear differences for the amino acids of Asn5, Asn7, Leu20,
GIn41, Serd46, Tyrd7, Asn49, Tyr62, GIn65 and GIn66
between these three complexes, which definitely mean that
the conformations of these residues have a change in
transformation to reach the final stable conformations. This
is in accordance with the previous report that minor groove-
binding architectural proteins change the conformation of
the DNA [35]. Figure 6b shows a similar result for protein
C in all three C-protein containing complexes. Amino acids

of Metl, Asnl0, Argl5, Lys24, Tyrd7, Asn49, 1le52, Ile56,
Thr57, Lys58, Arg59 and Val61 contribute much for protein
C binding in three complexes. It also can be concluded that
Ala2, Asn5, Leull, Vall2, Argl5 and Gln41 have different
conformations between these three complexes.

Taking these two figures together, we can see that
Asnl0, Lys24 and Lys58 in protein A and C all have
significant negative value in any complex (except for
Asnl0 in C-complex) reflecting their essential effect in
DNA binding of these residues in two proteins. The tight
binding according with the extreme lower decomposed
energy is partly derived from the intensive hydrogen bond
interactions, such as AsnlO in protein A and Lys24 in
protein C. These polar residues of Asnl10, Lys24 and Lys58
are also mainly through electrostatic interactions with
DNA.

From the sequence alignment and the structure produced
by homology modeling, the two conserved helices in our
model protein correspond to two regions, one is Prol4 to
Leu3l, and the other is Ser46 to Leu68. The energy
contribution and H-bond analysis indicate that helix2 plays
a significant role in promoting the o/3-type SASPs binding
to DNA, which agrees with sequence alignment and
phylogenetic analysis results.

The mechanism of protection for DNA

The o/f3-type SASPs belong to nonspecific DNA-binding
proteins. It is one of the major factors in protecting DNA
from damage to desiccation, heat, toxic chemicals, enzymes
and UV radiation by saturation with DNA. Previous study
points out a set of recognition rules existing in DNA and
protein binding interface no matter the protein is specific or
nonspecific, and the interface conservation follows trends
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Fig. 6 List of the decomposed 49
energies of the amino acids
contributing absolutely larger than
1 keal mol™" in protein A and C.
(a) The energy distribution of
protein A residues in three
containing A complexes. (b) The
energy distribution of protein C
residues in three containing C
complexes

412 4

Relative decompose energy (Kcal/mol)

Relative decompose energy {(Kcal/mol)
- H. =]

that are superfamily-specific [36]. In our system, the change
of accessible surface areas (ASA) of DNA in monomer
is from 4296A% to 915 A? (Fig. 7) after interacting with
those three o/3-type SASPs, which indicates the efficient
protection by the «/(3-type SASPs to keep the DNA away
from been attacked by any agents approaching the target
DNA. According to systematic phylogenetic analysis, the
whole family of geobacillus can be divided into three
groups. MD results of one o/f-type SASPs complexes
with DNA show that helix2 is more conserved compared
with helix] and takes more charge of the interaction
with DNA.

DNA A-DNA

C-DNA AC-DNA ABC-DNA

Fig. 7 The accessible surface areas (ASA) of DNA in four complexes
systems. The left column DNA means the amount of area without proteins
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mAC-DNA
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WABC-DNA
BACDNA
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Conclusions

The systematic phylogenetic analysis of the geobacillus «/
[-type SASPs indicates these proteins can be divided into
three groups. The o/f-type SASPs contain a helix—turn—
helix motif, the sequence alignment and model structure
show that the second helix is more conserved in the protein
evolution, which suggests this helix may play a more
essential role in DNA binding. In order to explore the
mechanism of protection of DNA from damage, 15 ns
molecular dynamics simulation for the complexes of one o/3-
type SASPs (Gsy3:ZP_03039201) and DNA are performed.
MM-PBSA and pairwise decomposition energies are calcu-
lated from post analysis of molecular dynamics structures to
determine the key residues involved in the interactions of
DNA and the o/3-type SASPs. Several amino acids, Asnl0,
Lys24, Asn49, Ile52, 1le56, Thr57, Lys58, Arg59 and Val61
are defined as their major contributions to the binding
efficiency. The differences between one protein-, two
protein-, and three protein-binding to DNA are investigated
and the same residues taking different effects are found, which
indicates the conformations of the proteins have a slight
change in the final complex. Integrating the results from
sequences alignment, constructed proteins’ 3D structure and
energy contributions, we find that helix2 of the o/f3-type
SASPs is more conserved than helix1 and generally plays a
more important role in protection of DNA.
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