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Abstract The aim of this work is to investigate the binding affinity between the
prokaryotic proteins—AHU-IHF proteins (AHU (AHU2, TR3, and AHU6) and IHF
(IHF-WT and THF-BE44A))—and DNAs (DNA, H-DNA, and H'44A-DNA) by using
the steered molecular dynamics (SMD) simulation and the molecular mechanics
Poisson-Boltzmann surface area (MM-PBSA) method. The gained results show that
although the fluctuation of the pulling force yielded the change of the pulling work, the
higher pulling work of the AHU/DNA complexes in comparison to those of the IHF/
DNA complexes is not only dependent on the pulling force but also controlled by the
change of the trajectory in SMD simulation process. In this study, the pulling work
profile not only described the pulling pathway of the complexes but also reflected the
hindered process of DNAs when AHU-IHF proteins come out from the binding pocket
of DNAs. Additionally, the binding free energy (estimated by the MM-PBSA method)
is more confident in giving a true effect to the experimental results in comparison to
the pulling force and the pulling work values. These results have also shown a fact that
the AHU/DNA complexes were more stable than the IHF/DNA complexes.
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Introduction

IHF and HU are members of a prokaryotic protein family, comprising of 90 residues that bind
to DNA and known as histone-like protein; they interacted to DNA minor groove in a
sequence-specific (IHF) or non-specific (HU) manner to induce the stability of DNA bending
[1-3]. Since bacterial binding proteins have a diverse function, they have been difficult to
develop their common function. IHF and HU are commonly referred to as histone-like protein
and have several similar biological traits to the eukaryotic histone proteins, which are known to
be the most conserved proteins in nature [4—6].

IHF protein from Escherichia coli is a small heterodimeric protein (~20 kDa) that binds to
DNA in a sequence-specific manner and induces a large bend (> 160°). Some specific regions
are highly conserved among known IHF binding sites [7-9]. Additionally, previous studies
have shown that the binding of wild-type (WT-IHF) is disrupted by a single mutation (T to A)
at the center position of a conserved TTR motif. The substitution of 3Glu44 by Ala prevented
IHF from discriminating between A and T at this position. After that, the crystal structures and
relative binding affinities for all combinations of IHF-WT and IHF-3Glu44Ala bound to the
WT and mutant DNA. Here, IHF-WT binds the mutant H'44A sequence to two orders of
magnitude less tightly. IHF-3Glu44Ala binds H'-DNA with slightly diminished affinity,
compared to WT-IHF (~ 5% lower) but fails to discriminate against the mutant DNA sequence
[10, 11]. IHF-BGlu44Ala binds both H-DNA and H'44A-DNA sequences with nearly equal
affinity, which is in agreement with challenge-phage assays. The presence of a nick in the
substrate DNA had little effect on the relative binding affinity compared to an intact DNA
substrate [12, 13]. DNA twist plays a major role in DNA recognition by IHF, and that this
geometric parameter is dependent on the dinucleotide step and not on the bound IHF variant
[14, 15].

The HU binding site estimated by gel mobility shift experiments is varied, and the
mesophilic HU from Escherichia coli and Anabaena predicted by gel mobility analyses bind
from 6 to 10 bp per dimer [16, 17]. The Anabaena HU (AHU) was co-crystallized, and
diffracting co-crystals can be grown with such oligonucleotides which was a fortuitous result
of'initial crystallization trials with longer binding sites. These biding sites had been assembled
from four separate oligonucleotides to create a doubly nicked IHF binding site [15, 18].
However, a different crystal form appeared sporadically; this form contains only one of the
original four oligonucleotides (TR3) [19]. Oligonucleotide AHU2 was designed to explore the
effect of the T:T mismatches in TR3, and further improved the reproducibility of crystal
growth. In which, AHU6 was designed to improve the reproducibility of crystal packing by
removing the two overhanging 3’ Cs and replacing the blunt-ended DNA stacking of the first
form with two base pairs [20, 21]. Here, the fact that AHU crystallized with small amounts of
TR3 in the presence of higher concentrations of a less-distorted DNA duplex led to strong
binding of TR3 duplex prediction to AHU in vitro. The affinity of AHU to TR3 duplex is high;
it becomes clear that coupling binding data with relevant structural data could enhance the
understanding of the strain induced in DNA upon bending and the structural determinants for
binding of AHU and THF to DNA [22-24].

IHF and AHU play architectural roles in replication initiation, transcription regulation, and
site-specific recombination and are associated with bacterial nucleoids [25, 26]. The crystal
structure of AHU bound to DNA shows that while underlying proline intercalation and
asymmetric charge neutralization mechanism of DNA are similar for AHU and IHF, AHU
stabilizes different DNA bend angles (~105°-140°) [13, 27]. The two bend angles within a
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single-HU complex are not coplanar, and the resulting dihedral angle is consistent with
negative supercoiling, and they have multiple influences on transcription and translation in
bacterial cells [28]. The AHU/DNA and IHF/DNA structures suggest that sharper bending is
correlated with longer DNA binding sites and smaller dihedral angles. The AHU-induced bend
may be better modeled as a hinge, not a rigid bend [29]. The ability to induce or stabilize
varying bend angle is consistent with AHU-IHF role as an architectural cofactor in many
different systems that may require differing geometries, which means AHU-IHF have become
paradigms for understanding DNA and indirect readout of sequence [30, 31]. This also reflects
that while THF shows significant sequence specificity, AHU binds preferentially to certain
damaged or distorted DNA [32].

In this work, the steered molecular dynamics (SMD) simulation [33-36] and the molecular
mechanism Poisson-Boltzmann surface area (MM-PBSA) method [37-39] were used to
investigate the binding affinity of bacterial DNA binding proteins (AHU-IHF) to the DNA
and its mutant (DNAs). These proteins will be involved in stabilizing the lagging strand and
interacting with DNA polymerase. They are also capable of wrapping DNA strands and
protecting them from being denatured under extreme environmental conditions. Therefore,
the prediction of AHU-IHF activity in binding to DNAs will allow better protection against the
viral infection as well as multiple influences on transcription and translation in the bacterial
cell.

Materials and Methods
Materials

The 3D structures of the AHU/DNA-IHF/DNA complexes were taken from Protein Data Bank
(PDB) by PDB entry codes 1P78 (AHU2/DNA), 1P71 (TR3/DNA), 1P51 (AHU6/DNA),
1IHF (IHF-WT/DNA), 10WG (IHF-WT/H'44A-DNA), |OWF (IHF-BE44A/H'-DNA), and
10UZ (IHF-BE44A/H'44A-DNA) [5, 10, 15]. Here, AHU proteins are bound to only DNA
while THF proteins are connected to DNAs (including DNA, H'-DNA, and H'44A-DNA).

Methods

The simulation processes of complexes were subsequently performed using the
AMBER99BSC1 force field [40] implemented in GROMACS 5.1.4 package [41] at
absolute temperature 303 K, and the TIP3P water model [42] was also used in all
simulation systems. All distance bonds within the proteins were constrained using the
linear constrain solver (LINCS) algorithm [43]. The electrostatic and van der Waals
interactions were used to depict non-bonded interactions, and the non-bonded interac-
tion pair list was updated every 10 fs using a cutoff of 1.4 nm. The particle mesh
Ewald truncation method [44] was used to treat the long-range electrostatic interactions.
In order to start from these structures, a short simulation of 2 ns was carried out in the
NVT ensemble and then was followed by another 3 ns of NPT simulation. The last
configurations of the NPT simulations were then selected to conduct the SMD and
typical MD simulation. The leap-frog algorithm [45] was used to integrate the equa-
tions of motion with the time step set to 2 femtoseconds (fs) for both the SMD and the
typical MD simulations.
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Steered Molecular Dynamics Simulation

In the SMD simulation [33-36], each of the AHU/DNA-IHF/DNA complexes was placed in a
triclinic box of 7 nm X 8 nm x 15 nm to have enough space containing and pulling protein
from the binding site of DNAs. Here, the box contained ~22,289 water molecules. The 3D
coordinates of the center of the complex were 3.5 nm x4 nm x 4 nm. The complexes were
immersed in a salt solution with a given concentration of 0.10 M of sodium and chloride; then,
~35 and ~ 60 sodium ions were added to the AHU/DNA-IHF/DNA complexes to neutralize
the total charge.

AHU-IHF proteins are forcedly pulled out of the binding site of given DNAs along the
route that is specified in advance. The pulling force is measured according to the following
equation.

F(1) =k [w—(?—ﬂ)ﬂ (1)

Here, k is the force constant, v is the pulling velocity, 7 is the pulling direction
normal, and 7 and 7 are the position of AHU-IHF proteins at time ¢ and initial
time. The equation shows if protein moves forward along the leaving pathway, the
(7=7) will increase and the force will decrease; if the pulling force cannot displace
protein, then the force will increase by the increase of z. In particular, although a virtual
cantilever is moving at the constant velocity v along the biggest z axis of the simulation
box, the pulling force was applied to AHU-IHF protein farthest peripheral atoms in the
z direction (Fig. 1). During the simulations, the spring constant k£ value was chosen as
600 kJ/(mol nm?) (approximately 1020 pN/nm), which is a typical value used in atomic
force microscope (AFM) experiments [46]. The complete disengagement of AHU-IHF
proteins from DNA catalytic site obtained through 5 ns for the AHU/DNA complexes
and 3 ns for the IHF/DNA complexes with pulling velocity is set at v=0.005 nm/ps.

Furthermore, to estimate the relative binding affinities of the AHU/DNA-IHF/DNA com-
plexes by the use of the SMD simulation, the pulling work profile is also used to evaluate a

Fig. 1 The binding position and direction of SMD simulation (z dimension) for the AHU/DNA-IHF/DNA
complexes
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scoring function to rank the binding affinities of AHU-IHF proteins to DNAs; the pulling work
Woun is approximately defined by the equation.

4 ’ d , step F. F.
Wour = ™ F dr = Jf;““?%drz!@"‘“det: 2 % (riv1=ri) (2)
i=1

where W, is the pulling work of external force F, and N, is the total number of step
determined in the SMD simulation.

Binding Free Energy

In order to determine binding free energy of AHU-IHF proteins to DNAs, the snapshots at
equilibrium status of each complex of the typical MD simulation were used to calculate the
binding free energy by the use of the MM-PBSA method. The binding free energy of AHU-
IHF proteins to DNAs estimated by the MM-PBSA method [37-39] is defined as follows.

AGbind - AEelec + AEVdW + AGsur + AGPBfTAS (3)

Here, AE... and AE, 4w are contributions from electrostatic and vdW energies, respectively
[47]. AG,,,,- and AGpp are nonpolar and polar solvation energies [48]. The entropic contribution
TAS is determined using the normal mode approximation [49].

Results and Discussion
Unbinding Process of AHU-IHF Proteins from the Binding Pocket of DNAs

To investigate the binding affinity between AHU-IHF proteins and DNAs, the SMD simula-
tion was used to probe the AHU/DNA-IHF/DNA complexes and to pull AHU-IHF proteins
away from the binding site of DNAs, whereby essential energy components involved in the
unbinding processes were predicted.

As seen from Fig. 2, the pulling force profile of the AHU/DNA-IHF/DNA complexes is
described as a function of simulation time. Here, the rupture force (Fi,.x) is @ necessary value
to break hydrogen bond between AHU-IHF proteins and DNAs. This bonding breaking
facilitates AHU-IHF proteins moving from the binding pocket of DNAs, as these complexes
are transferred from a stable bound position to unbound state. Specifically, the pulling force
profile is able to divide into two consecutive stages: On the one hand, the pulling force
continuously increased according to simulation time until AHU-IHF proteins started to
dissociate with DNAs, and the external force reached to the rupture force (Fy,.x) when the
hydrogen bond is broken. On the other hand, the pulling force started to decrease as AHU-IHF
proteins moved out from the binding pocket of DNAs in the remaining period.

The fact that the pulling force profile of each complex not only is considered based on the
Fnax peak but also depends on the time needed for AHU-IHF proteins to come out from the
binding pocket of DNAs [33, 50], clearly, the unbinding pathway of the AHU6/DNA complex
requires a force Fiax = 993.7 pN to move out AHU6 from the binding site of DNA;; it is larger
than the AHU2/DNA complex (at Fpa=753.4 pN) and the TR3/DNA complex (at Fiay =
674.6 pN). This means that the binding affinity of the AHU6/DNA complex is stronger than
those of the AHU2/DNA and the TR3/DNA complexes. Similarly, the rupture force of the
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Fig. 2 The pulling force of the AHU/DNA-IHF/DNA complexes is shown as a function of SMD simulation
time

IHF-BE44A/H'-DNA complex (at Fia.x = 1145.2 pN) is much larger than that of the IHF-WT/
DNA complex (at Fiyax = 936.5 pN), the IHF-WT/H'44A-DNA complex (at Fiax = 769.3 pN),
and the THF-BE44A/H'44A-DNA complex (at Fy.=870.6 pN). This reflected that the
IHF-3E44A/H'-DNA complex is much more stable than three remaining complexes. In
summary, AHU proteins need ~5 ns to come out from the binding pocket of DNA while it
needs only ~ 3 ns for IHF proteins to go out from the binding site of DNAs. This may suggest
that the binding affinity of the AHU/DNA complexes is better than those of the IHF/DNA
complexes.

In another result, in order to evaluate a scoring function to rank the binding affinities of
AHU-IHF proteins to DNAs, the pulling work profile of the AHU/DNA-IHF/DNA complexes
is also described as in Fig. 3. Here, the pulling work is able to divide in two cases: Firstly, the
pulling work of the AHU/DNA-IHF/DNA complexes is extended and obtained maximum
value to two sides of ~[— 75, 75] kcal/mol around 4e + 4 steps for the [HF/DNA complexes
and ~[— 125, 125] kcal/mol around 8e + 4 steps for the AHU/DNA complexes. After that, the
pulling work is narrowed to ~[— 25, 25] kcal/mol in the remaining steps for both kinds of the
AHU/DNA-IHF/DNA complexes. The negative value of the pulling work is described as the
work part of obstructing force in the process of AHU-IHF proteins and moved out from the
binding site of DNAs. This is clear that DNAs have tended to hinder AHU-IHF proteins to
come out from its binding site and have simultaneously generated negative values of (r;, | —7;)
and external force F. Interestingly, the fluctuation of the pulling force profile according to
simulation time (Eq. 1) can yield the change of the pulling work according to the total number
of steps (Eq. 2), leading to the higher pulling work of the AHU/DNA complexes in compar-
ison to those of the IHF/DNA complexes. Generally, this result expressed that the pulling work
profile not only explained the pulling pathway of these complexes but also described the
hindered process of DNAs when AHU-IHF proteins come out from its binding pocket.

In order to monitor the effect of non-bond interactions to the change of the binding affinity
of the complexes, the contribution of electrostatic and vdW and interaction energies is also
used (Fig. 4). Specifically, at 0 ns, the vdW energy is fluctuated ~— 175 kcal/mol for the AHU/
DNA complexes; meanwhile, it is achieved to ~—250 kcal/mol for the [HF/DNA complexes
(Fig. 4a, b). Similar to the vdW energy, the electrostatic energy is fluctuated ~— 3200 kcal/mol
for the AHU/DNA complexes while it is decreased to ~— 5500 kcal/mol for the IHF/DNA
complexes (Fig. 4c, d). In unbound process of these complexes, the vdW reached ~— 25 kcal/
mol for AHU proteins and ~[— 175, — 100] kcal/mol for IHF proteins while the electrostatic
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Fig. 3 The pulling work of the AHU/DNA-IHF/DNA complexes is shown as a function of total number of step
(N (step))

energy reached ~— 1000 kcal/mol for AHU proteins and ~— 4000 kcal/mol for IHF proteins,
with AHU-IHF proteins being really separated from DNAs. Additionally, the change of
interaction energy (sum of the vdW and electrostatic energies—Fig. 4e, f) is not significantly
different in comparison to the electrostatic energy values (Fig. 4e, f). This is clearly shown that
the contribution of the electrostatic energy has a more important role in the change of the
binding affinity of the AHU/DNA-THF/DNA complexes in comparison to the vdW energy. In
other words, the electrostatic energy of the IHF/DNA complexes is much smaller than that of
the AHU/DNA complexes; this could be explained by a different distribution of positive
charge of total charge ~60 e for the IHF/DNA complexes and ~35 e for the AHU/DNA
complexes. Generally, this result implied the substantial changes in the contribution of charge
which generated significantly different values of the electrostatic energy by affecting strong
Coulomb interactions.

The number of contact (NC) (< 0.6 nm) and the number of hydrogen bond (H-bond)
(r<0.35 nm) formed between AHU-IHF proteins and DNAs as a function of simulation
time (Fig. 5) were used to describe the unbinding process of AHU-IHF proteins from the
binding pocket of DNAs. In particular, at the stable bound state, only ~10e + 3 NCs are
formed for the AHU/DNA complexes while it gained ~13e+3 NCs for the IHF/DNA
complexes (Fig. 5a, b). At the unbound state, the NC decreased to ~2e+3 NCs for the
AHU/DNA complexes and ~[6e + 3, 11e + 3] NCs. The same with the NC value, the H-
bond value has also shown the unbinding process of the AHU/DNA-IHF/DNA com-
plexes from the bound state to the unbound state (Fig. Sc, d). In more detail, at the bound
state, only ~20 H-bonds are formed between DNA and AHU proteins while it reached ~
35 H-bonds for the IHF/DNA complexes. At the unbound state, the H-bond decreased to
~5 H-bonds for the AHU/DNA complexes; meanwhile, it fluctuated between ~[10, 29]
H-bonds. Overall, the difference of the NC and H-bond of the AHU/DNA complexes in
comparison to that of the IHF/DNA complexes has shown the diverse effect between
sequence-specific (IHF) and non-specific (AHU) proteins. Additionally, the decrease of
the NC and H-bond of the TR3/DNA complexes in comparison to those of the AHU2/
DNA and AHU6/DNA complexes is caused by the effect of the T:T mismatches in TR3.
Generally, although the NC and H-bond networks of AHU proteins bound to DNA are
less than IHF proteins bound to DNAs, the binding affinity of the AHU/DNA complexes
seems to be stronger than that of the IHF/DNA complexes. This is caused by the
fluctuation of the entropy values described below.
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Fig. 4 The vdW and electrostatic and total energies of the AHU/DNA-IHF/DNA complexes are illustrated as a
function of SMD simulation time

The Binding Affinity Between DNAs and AHU-IHF Proteins

In order to investigate the binding affinity of the AHU/DNA-IHF/DNA complexes, in addition
to the pulling force and the pulling work profiles, the binding free energy (AG) estimated by
the MM-PBSA method is also used to evaluate the complex’s stability as well as the binding
mechanism of AHU-IHF proteins to the binding pocket of DNAs. As shown in Table 1, the
contribution of different energy components in determining the AG expressed that the
electrostatic energy (AE,.) has a more important role than the vdW energy (AE,4qw). The
changes of the nonpolar solvation energy (AGy,,) values are not an important contribution to
the difference of the AG among the complexes. The entropy (TAS) of the IHF/DNA
complexes is almost double in comparison with those of the AHU/DNA complexes. The loss
of polar solvation energy (AGpg) is compensated by the remaining components of the AG in
these simulation systems.

Specifically, the AE,. achieved from the complex formation compensates which begins
by the loss in the AGpg. Here, the AE,.. of the IHF/DNA complexes (ranged from —5560.9
to —5449.2 kcal/mol) seem to be twice larger as that of the AHU/DNA complexes (ranged
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Fig. 5 The number of contact (a) and the number of hydrogen bond (b) formed between DNAs and AHU-IHF
proteins are presented as a function of SMD simulation time

from —3409.4 to — 2710.6 kcal/mol). While the AE, 4w of the AHU/DNA complexes (ranged
from —167.6 to —151.3 kcal/mol) and the IHF/DNA complexes (ranged from —252.2 to —
214.1 kcal/mol) contribute significantly to the difference of the AG; the AGy,, of all
complexes (ranged from —8.2 to —5.5 kcal/mol) does not lead to the change of the AG.
The TAS of the AHU/DNA complexes (fluctuated between 23.2 and 28.3 kcal/mol) are nearly
twice smaller as compared to those of the IHF/DNA complexes (fluctuated between 42.5 and

Table 1 The binding free energies (kcal/mol) of the AHU/DNA-IHF/DNA complexes estimated by the MM-
PBSA method. The rupture force—F,,x (pN)—and the maximum pulling work—W,,,. (kcal/mol)—determined
from the data of the SMD simulation

Values AEelec AEVCIW AGsur AGPB -TAS AGbind Frnax Winax
Complexes

AHU2/DNA —2793.6 —1582 —64 28536 283 -743 753.4 76.3
TR3/DNA —-2710.6 —1513 —55 2770.5 232 -71.7 674.6 70.7
AHU6/DNA —34094 -—1676 —7.1 34804 234 -783 993.7 113.4
IHF-WT/DNA —5529.8 —2141 —-82 56523  51.7 —48.1 936.5 71.4
IHF-WT/H'44A-DNA —-5560.9 —2346 —-8.0 5731.8  44.1 -27.6 769.3 50.5
IHF-BE44A/H'44A-DNA  —5449.2 —-232.1 -—17.7 55929 503 —45.8 870.6 733
IHF-3E44A/H'-DNA -5511.7 —-2522 —73 5666.5 42.5 -62.2 11452 912
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51.7 kcal/mol); it is clearly reflected that the fluctuation of the IHF/DNA complexes is more
chaotic than those of the AHU/DNA complexes. Finally, the AG of the IHF/DNA complexes
(the AGyping being from —62.2 to —27.6 kcal/mol) is lower than those of the AHU/DNA
complexes (the AGy;ng going from —78.3 to —71.7 kcal/mol); this confirms that the AHU/
DNA complexes are more stable than the IHF/DNA complexes. In more detail, for the AHU/
DNA complexes, the AG of the AHU6/DNA complex is smaller than that of the AHU2/DNA
and TR3/DNA complexes, as an evidence that AHU6 bound to DNA is stronger in compar-
ison to AHU2 and TR3 proteins. For the IHF/DNA complexes, the AG of the IHF-RE44A/H'-
DNA complex is much higher in comparison to those of the three IHF’s remaining complexes,
in which, the difference of the AG among three remaining complexes is not significant. This is
caused by the contribution of DNA twist which played a key role in DNA recognition; this
geometric parameter is dependent on the dinucleotide step and not on the bound IHF variant
[15] in estimating the AG.

In summary, the difference of the binding affinity of the AHU/DNA complexes is caused
by only the change of AHU proteins (AHU2, TR3, and AHU6) while it depended on the
dinucleotide step of DNA twist and not on the bound of IHF variant in the IHF/DNA
complexes. The gained results of the AG, the F., and the W, are shown in good
agreement with the experimental results [7, 18]. Here, the AG is even more confident in
giving a true effect to the experimental results in comparison to the Fi,,x and the Wy,,,. From
the gained results, this finding also reflected a fact that DNAs are expected to yield a more
stable complex with AHU proteins more than with THF proteins.

Conclusions

In this study, we applied the SMD simulation and the MM-PBSA method to investigate the
unbinding process and the binding affinity of the AHU/DNA-IHF/DNA complexes. A number
of interesting results are shown as follows.

(1) Although the fluctuation of the pulling force yielded the change of the pulling
work, the higher pulling work of the AHU/DNA complexes in comparison to those
of the IHF/DNA complexes is not only dependent on the pulling force but also
controlled by the change of the trajectory in the SMD simulation process. Addi-
tionally, the pulling work not only explained the pulling pathway of these com-
plexes but also reflected the hindered process of DNAs when AHU-IHF proteins
come out from the binding pocket of DNAs.

(ii) The difference of the NC and the H-bond between the AHU/DNA-IHF/DNA complexes
describes the diverse effect between sequence-specific (IHF) and non-specific (AHU)
proteins. Although the NC and the H-bond of the AHU/DNA complexes are less than in
comparison to those of the IHF/DNA complexes, the entropy result estimated from the
MM-PBSA method has shown a fact that DNAs seem to be a more stable complex with
AHU proteins than with THF proteins.

(iii) The AG, the Fhax, and the Wy, values are in good agreement with the exper-
imental results. Here, the AG is even more confident to give a true effect to the
experimental results in comparison to the Fy,,, and the W,,,.. The gained results
confirm that DNAs are expected to yield a more stable complex with AHU
proteins more than with IHF proteins.
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