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Abstract The proline-rich homeodomain (PRH)-DNA
complex consists of a protein with 60 residues and a
13-base-pair DNA. The PRH protein is a transcription
factor that plays a key role in the regulation of gene
expression. PRH is a significant member of the Q50 class
of homeodomain proteins. The homeodomain section of
PRH is essential for binding to DNA and mediates
sequence-specific DNA binding. Three 20-ns molecular
dynamics (MD) simulations (free protein, free DNA and
protein—-DNA complex) in explicit solvent water were
performed to elucidate the intermolecular contacts in the
PRH-DNA complex and the role of dynamics of water
molecules forming water-mediated contacts. The simula-
tion provides a detailed explanation of the trajectory of
hydration water molecules. The simulations show that
some water molecules in the protein-DNA interface
exchange with bulk waters. The simulation identifies that
most of the contacts consisted of direct interactions
between the protein and DNA including specific and non-
specific contacts, but several water-mediated polar contacts
were also observed. The specific interaction between GIn50
and C18 and water-mediated hydrogen bond between
GIn50 and T7 were found to be present during almost the
entire time of the simulation. These results show good
consistency with experimental and previous computational
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studies. Structural properties such as root-mean-square
deviations (RMSD), root-mean-square fluctuations (RMSF)
and secondary structure were also analyzed as a function of
time. Analyses of the trajectories showed that the dynamic
fluctuations of both the protein and the DNA were lowered
by the complex formation.
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Introduction

In biological systems, the binding of protein to DNA plays
an important role in basic processes of living cells such
as growth, cell division, differentiation, maturation and
gene expression. Biological molecular recognition occurs
through the interplay of non-covalent interactions, includ-
ing direct and indirect (water-mediated) hydrogen bonds,
van der Waals and electrostatic interactions. Proteins must
be able to discriminate closely related DNA sequence and
bind with high affinity to the proper DNA sequence.
Comprehension of the protein—DNA interaction details
and binding mechanism is essential to understand the basic
processes mentioned above. Otwinowski et al. (1988) first
suggested a major function for water molecules in pro-
moting macromolecular association in the trp repressor—
DNA complex. Based on recent structural study about
protein—protein and protein—-DNA (Janin 1999; Schwabe
1997) recognition sites, water molecules exist in abundance
at the interface. Due to the polarity of the surface described
by the presence of phosphate groups on the DNA backbone
and by charged groups on protein side-chains, water

@ Springer



330

Eur Biophys J (2012) 41:329-340

molecules can play an important role in mediating protein—
DNA interactions. Since X-ray crystallography, neutron
diffraction and nuclear magnetic resonance (NMR) studies
can only provide some information about macromolecular
hydration and also are not able to provide a dynamical
description, accurate molecular dynamics (MD) simulation
procedures have been used to provide a wealth of knowl-
edge on protein-DNA interaction and the dynamics of
water molecules at atomic level and at the appropriate time
scale. In recent years, many scientists have used the MD
simulation method to investigate the molecular basis of
protein—-DNA interactions (Sen and Nilsson 1999; Reyes
and Kollman 1999; Tsui et al. 2000).

The proline-rich homeodomain (PRH) [also known as
haematopoietically expressed homeobox (Hex)] protein is
a transcription factor that plays a key role in the regulation
of gene expression in all eukaryotes (Martinez-Barbera
et al. 2000; Crompton et al. 1992). PRH was first detected
in avian haematopoietic and liver cells (Newman et al.
1997) and was then found to be conserved in humans,
Xenopus, mice and rats (Tanaka et al. 1999). PRH protein
is essential for the control of cell differentiation and cell
proliferation (Martinez-Barbera et al. 2000; Guiral et al.
2001). PRH is involved in many processes such as
embryonic development including embryonic patterning
and the formation of many vital organs such as head,
forebrain, thyroid, heart and liver (Swingler et al. 2004;
Foley and Mercola 2005). Furthermore, PRH functions as a
regulator of haematopoiesis in the adult (Guo et al. 2003;
Jayaraman et al. 2000). PRH is a DNA binding protein that
can activate and repress the transcription of its target genes
using various mechanisms (Pellizzari et al. 2000; Kasa-
matsu et al. 2004). The PRH protein consists of three main
domains: a proline-rich N-terminal domain (amino
acids 1-136 in human PRH), a central homeodomain that
is essential for binding to DNA and mediates sequence-
specific DNA binding (amino acids 137-196 in human
PRH) and an acidic C-terminal domain with unknown
function (amino acids 197-270 in human PRH) (Crompton
et al. 1992). Based on X-ray crystallographic and NMR
spectroscopic studies on several homeodomain-containing
proteins, central homeodomain of PRH is a helix—turn—
helix-type DNA-binding domain with 60 amino acids that
consists of an N-terminal arm and three a-helices that are
separated by a short loop and short turn, respectively. The
first and second helices lie parallel to each other and nearly
perpendicular to the third helix. The sequence of homeodo-
main section (with 60 residues) of PRH protein is as follows:
amino acids 10-22 = helix-1, amino acids 28-38 = helix-
2, amino acids 42-58 = helix-3 (Crompton et al. 1992).
The sequence-specific DNA binding is performed by inser-
tion of third helix (also referred to as recognition helix) into
the major groove and N-terminal arm into the adjacent minor
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groove of the DNA. Both N-terminal arm and recognition
helix make sequence-specific contacts with base and back-
bone of DNA (Billeter 1996; Kissinger et al. 1990).

Previous experimental studies have shown that posi-
tion 50 of the homeodomain located in the recognition helix
plays a fundamental role in recognizing specific DNA-
binding sites (Hanes and Brent 1991). This position is
occupied most frequently by lysine and glutamine, but in
some cases it can be occupied by cysteine, alanine or
isoleucine. The homeodomain interacts with its conserved
5-TAATNN-3 binding sequence (Laughon 1991).
Homeodomains with glutamine at position 50 (Q50), such
as PRH, Antennapedia homeodomain and Engrailed homeo-
domain, recognize TAATTA, TAATTG or TAATGG sites,
while those with lysine at position 50 (K50), such as Bicoid
homeodomain and Pitx2 homeodomain, recognize TAATCC
or TAAGCT (Billeter 1996; Schier and Gehring 1993).

The lack of a three-dimensional (3D) structure for the
PRH-DNA complex in the Protein Data Bank (PDB) on the
one hand, and its importance in biological systems on
the other, motivated us to model the PRH-DNA complex
structure and subsequently examine its mechanism of binding
using molecular dynamics simulations. Application of the
MD simulation method provides insight into details that are
concealed from most experimental techniques. In this study,
explicit water molecular dynamics simulations were carried
out to further understanding of intermolecular contacts and
the role of water molecules in protein-DNA binding.

Duan and Nilsson (2002) conducted molecular dynamics
simulations on several wild-type and mutant homeodo-
main—DNA complexes to investigate the role of residue 50
in homeodomain—-DNA interaction. They attempted to
answer questions about the structural and dynamic proper-
ties of different side-chains (lysine, glutamine, serine and
cysteine) of residue 50 in DNA recognition. In this study,
we report calculations similar to those performed but only
for glutamine at residue 50 to achieve information not only
regarding atomic detail of direct and indirect protein—-DNA
contacts but also about participation of interfacial water in
the protein—~DNA contacts. We first performed MD simu-
lations of free protein and free DNA and then compared the
results with those for the protein—-DNA complex.

Computational details

The starting coordinates of the PRH protein were obtained
from PDB (PDB ID: 2E10). The starting coordinates of the
PRH-DNA complex were built by superimposing the
structure of Msx-1 homeodomain—-DNA complexes (PDB
ID, 11G7) (Hovde et al. 2001) on the PRH structure using
the Strap program (Gille 2006), based on 3D alignment and
structural similarity at the recognition helix of PRH and
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Msx-1 homeodomain. To create the starting DNA structure
of 5-CACTAATTGAAGG-3', the mentioned sequence
was made by the HyperChem (release 7, 2002) modelling
program. This is the same sequence present in the Msx-1
homeodomain—-DNA complex. The alignment of residues
between PRH and Msx-1 homeodomain protein is indi-
cated in Fig. 1. In this figure, the sequence of homeodo-
main section of PRH and Msx-1 protein as well as DNA
sequence present in Msx-1-DNA complex are shown. All
systems are in neutral pH 7.0. Both N- and C-terminal arms
of protein are consistent with zwitterionic state (NH3" and
COO™, respectively). Three 20-ns MD simulations were
carried out: (1) simulation of free protein, (2) simulation of
free DNA and (3) simulation of the protein—~DNA complex.
All of the MD simulations were carried out with the
GROMACS package (version 4.0.7, van der Spoel et al.
2005). The AMBER 03 force field (Duan et al. 2003) was
applied for protein, DNA and protein—-DNA complex. Each
starting structure was placed in a cubic box. In all cases, the
minimum distance from any solute atom to the edge of the
box was 10 A. The boxes were then filled with TIP3P
water molecules (Jorgensen et al. 1983). For protein, DNA
and complex systems, 6,157, 7,915 and 7,406 water mol-
ecules were needed, respectively. In all MD simulations,
periodic boundary conditions were applied in all directions.
Ten Cl~ (free protein), 24 Nat (free DNA) and 14 Na*
(protein—-DNA complex) ions were added to achieve elec-
troneutrality by substituting individual water molecules.
This also provides a more realistic environment. The initial
velocities were taken from a Maxwell distribution at
310 K. The temperature was maintained by coupling to a
reference temperature of 310 K with a Nosé-Hoover

Fig. 1 A molecular model of
the PRH-DNA complex. a The
amino acid sequences of the
PRH homeodomain and Msx-1
homeodomain were aligned
according to their three-

(a) PRH:

dimensional structures. Those (b) 5 3
residues corresponded to helix-
1, 2 and 3, indicated by C G
underlining, respectively; b The A C
DNA sequence present in Msx- C G
1-DNA complex used in PRH— T A
DNA complex. Core sequence A T
of DNA (TAATTG) is coloured A I
red; ¢ Structure of the two T A
aligned homeodomain proteins T A
PRH (yellow) and Msx-1 G (
(green) bound to DNA A T
A T
G C
G C
3 =)

Helix-1

thermostat (Nosé 1984; Hoover 1985). To maintain the
systems at constant pressure of 1 bar, a Parrinello-Rahman
barostat (Parrinello and Rahman 1981) was applied. Cou-
pling time of 0.1 and 1.0 ps was used for thermostat and
barostat, respectively. The value of the isothermal com-
pressibility was set to 4.5 x 107> bar~'. To treat long-
range electrostatic interactions, the particle mesh Ewald
(PME) algorithm (Essman et al. 1995) was applied. The
cutoff distance for van der Waals interactions was set to
10 A. To constrain all bonds involving hydrogen atoms, the
SHAKE algorithm (Ryckaert et al. 1977) was used. MD
simulation was performed by the leapfrog algorithm
(Hockney 1970) with time step of 2 fs. In all MD simu-
lations, the following protocol was used: The energy
minimization included 5,000 steps of steepest descent,
followed by 5,000 steps of the conjugate gradient method;
Afterward, 1 ns of equilibration molecular dynamics was
performed in the NVT ensemble to relax the system; During
the equilibration phase, harmonic restraints with force
constants of 1,000 kJ mol™' nm™ were applied on the
coordinates of the protein and DNA; Finally, a production
run was performed for 20 ns under an NPT ensemble. The
atomic coordinates were saved every 4 ps for analysis.

Results and discussion

In this study, RMSD, RMSF (as a measure of the structural
properties) and secondary structure analysis with the DSSP
algorithm were investigated. Using these physical proper-
ties, the stability of the PRH protein can be qualitatively
compared during simulation time.

GKGGQVRFSNDOQTIELEKKFETQKYLSPPERKRLAKMLOLSEROVEKTWFONRRAKWRRSG
-RKPRTPFTTAQLLALERKFROKQYLSIAERAEFSSSLSLTETOVKIWFONRRAKAKRIL-
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The time evolution of RMSD from the initial structures
was calculated for three production run simulations (free
protein, free DNA and protein—-DNA complex). RMSDs of
the protein Co and DNA backbone atoms are plotted,
respectively, in Fig. 2a (for free protein and protein in
complex) and Fig. 2b (for free DNA and DNA in complex).
Both free protein and protein in complex became stable after
7 ns, suggesting an equilibrated system. The RMSD value of
the free protein fluctuated around 0.371 nm in free homeo-
domain and 0.203 nm in homeodomain in the protein—-DNA
complex. As shown in Fig. 2a, RMSD values for protein
were reduced upon binding. DNA binding and consequent
restriction of molecular motions caused decrease of RMSD
value of protein in complex with respect to free protein. The
RMSD values of free DNA (black line in Fig. 2b) remained
stable around 0.347 nm during the entire simulation time,
whereas the RMSD of the DNA in complex increased for
nearly 5 ns, and fluctuated around 0.371 nm during the final
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Fig. 2 Time evolution of RMSD measured from the corresponding
starting structure: a black line, free protein; grey line, protein in
complex (Ca atoms); b black line, free DNA; grey line, DNA in
complex (DNA backbone)
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15 ns (grey line in Fig. 2b). The RMSD values for DNA
were reduced upon binding, like protein. The reduction in
RMSD for DNA was lower than that for protein. Due to
restriction of molecular motion resulting from DNA bind-
ing, the DNA in the complex showed lower RMSD and
greater stability than in free status.

Since distance deviations from the starting structure may
not necessarily reflect the mobility of structural elements,
another parameter, RMSF, was used to obtain information
on flexibility. To identify flexible regions in the molecule
and to simplify comparisons, RMSFs of the protein Co and
DNA backbone atoms are illustrated in Fig. 3. Figure 3a
shows RMSF for free protein and protein in complex, and
Fig. 3b shows RMSF for free DNA and DNA in complex.
In case of protein, excluding the residues of N- and
C-terminal arm (residues 1-9 and 57-60), the RMSF for
the two simulations does not exceed 0.15 and 0.85 nm,
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Fig. 3 Time evolution of the RMSF around the average MD
structure: a black line, free protein; grey line, protein in complex
(Co atoms); b black line, free DNA; grey line, DNA in complex
(DNA backbone)



Eur Biophys J (2012) 41:329-340

333

respectively. For both free protein and protein in complex,
the least fluctuating segments are third «-helix (residues
42-54), implying that helix-3 has low flexibility, being a
rigid region in the two simulations. Since there are similar
trends in free protein and protein in complex, it can be
deduced that DNA binding does not greatly change the
structural flexibility of homeodomain protein. Reduction of
RMSF value of helix-3 upon DNA binding confirms exis-
tence of interaction between recognition helix and DNA.
These explanations are in agreement with experimentally
observed results: N- and C-terminal arm become ordered
upon binding to DNA (Fraenkel et al. 1998; Qian et al.
1989). In the case of DNA, two ends of each strand not
involved in protein binding show larger fluctuation for the
two simulations (nucleotides 1-3 and 10-13 for o strand
and 14-17 and 24-26 for f strand). As shown in Fig. 3b,
protein binding site (major groove; nucleotides T4-G9 for
sense strand and C18-A23 for antisense strand) are rigid.
Theses nucleotides have RMSFs ranging from 0.108 to
0.139 nm and from 0.105 to 0.133 nm, respectively. Since
major groove makes contacts with the protein, these results
are also reasonable. Owing to restriction of molecular
motions resulting from DNA binding, the protein and DNA
in the complex show lower RMSF values than in free status.

Analysis of secondary structure was done with the DSSP
(Kabsch and Sander 1983) program. Secondary structures of
free protein and protein in complex as a function of time are
depicted in Fig. 4. To distinguish between the secondary
structures types, different colours are used. The overall
secondary structure pattern of free and bound homeodomain

is maintained during the 20-ns MD simulation, although
there was slight change at some points as a function of time.
These changes are often seen in N- and C-terminals and loop
between helix-1 and helix-2. With a glance at Fig. 4, itcan be
understood that the major secondary structure of PRH in both
trajectories is as a-helix and that residues 10-22, 28-38 and
42-58 keep their a-helicity throughout the 20-ns simulation.
As shown in Fig. 4, in the free homeodomain, the first nine
residues (N-terminal) are nearly unstructured and switch
dynamically between bend, turn and coil conformations,
while in bound homeodomain, N-terminal arm appears as
coils and bends. This greater ordering of the N-terminal arm
of the homeodomain upon DNA binding is in good accor-
dance with experimental studies (Fraenkel et al. 1998; Qian
et al. 1989) as well as computational studies of the family of
homeodomain—DNA complexes (Zhao et al. 2006). In both
free and bound homeodomain, residues 28-38 (loop seg-
ment) fluctuate between bend and coil conformations, but in
bound homeodomain, the proportion of bend conformation
increased with respect to free homeodomain. In free
homeodomain, C-terminal segment (residues 58—60) has
coil conformation, whereas in bound homeodomain at the
first 3 ns, C-terminal segment is in turn conformation,
whereas for the rest of the time, C-terminal segment adopts
coil conformation.

Analysis of intermolecular contacts

In general, interactions between protein and DNA consist
of hydrogen bonds, hydrophobic, electrostatic and water-

Fig. 4 Secondary structures as
function of time for 20-ns
simulation, at 310 K: a free
homeodomain; b bound
homeodomain
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mediated interactions. Of these, we investigated direct and
water-mediated hydrogen bonds in detail during the course
of the trajectories. For analysis, we define a geometric
criterion for a hydrogen bond D-H---A, where A is acceptor
and D is donor atom, and H is a hydrogen atom: an
acceptor—donor pair is considered to form a hydrogen bond
if the donor—acceptor distance (dpa) is <3.5 A and the
donor-hydrogen—acceptor angle (apya) is >135°. Interfa-
cial water molecules were identified by applying a cutoff of
2.5 A for the distance of water molecule to protein and
DNA atoms simultaneously. Therefore, protein—-DNA is
considered to form a water-mediated contact when at least
one water molecule simultaneously bridges through a
hydrogen bond both the protein and DNA. In identifying
water-mediated hydrogen bonds, we used the same dis-
tance and angle cutoffs. In biological systems, water mol-
ecules may have structural or functional roles (Wiithrich
1993). They may act as a hydrogen-bond linker, an effec-
tive element in recognition and a participant in the stability
and specificity of DNA binding. The fact that water mol-
ecules are frequently observed experimentally at the
interface between biomolecules such as protein—-DNA
interface suggests that water is necessary for biomolecular
recognition. Water is a highly multipurpose component at
the interface of biomolecular systems (Ladbury 1996;
Tame et al. 1996). Water molecules are able to act as both
a hydrogen-bond donor and acceptor. In this status, water
molecules impose few steric constraints on bond formation,
as taking part in multiple hydrogen bonds is possible for
water molecules.

The trp repressor-DNA complex was the first for which
the role of water in promoting macromolecular associations
was suggested (Otwinowski et al. 1988). In this complex,
there are no direct base-specific protein—-DNA contacts and
water-mediated polar contacts are responsible for the
specificity. Since then, a number of studies have identified
water molecules at protein-DNA interfaces (Billeter et al.
1996; Qian et al. 1993). In PRH-DNA complex, unlike trp
repressor—-DNA complex, there are both direct and water-
mediated hydrogen bonds. These direct hydrogen bonds are
of two types: amino acid—-DNA base interactions (specific)
and amino acid—-DNA backbone interactions (non-specific).

Interfacial water molecules

We studied the time evolution of a number of water mol-
ecules during the entire simulation time. In this investiga-
tion, those water molecules appearing in interface for a
total of at least 1 ns of the last 5 ns were selected. In Fig. 5,
the time evolution of the mentioned water molecules dur-
ing the entire simulation time is investigated. Based on
the above-mentioned criterion, 17 water molecules were
considered, of which 12 were long-life water molecules
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Fig. 5 Snapshots taken at 0, 5, 10, 15, 17 and 20 ns to illustrate the
trajectory of some water molecules. Water molecules which are
simultaneously closer than 2.5 A to at least one protein atom and one
DNA atom are shown as balls. Long-life water molecules and fast-
exchanging water molecules are coloured in pink and yellow,
respectively (see text for definitions). Protein (green) and DNA
(blue) are shown in cartoon and stick representation, respectively

(depicted as pink balls in Fig. 5). It is clearly seen from
Fig. 5 that these 17 water molecules are not in the interface
at + = 0 and are placed randomly. Over time, especially
after 15 ns, water molecules gradually neared protein res-
idues or DNA bases and located around helix-3 and
N-terminal; we can call them interfacial water molecules.
At the end of simulation (¢ = 20), only some of these water
molecules are in the interface. Water molecules lying
around helix-3 and N-terminal result in the formation
of water-mediated hydrogen bonds between protein and
DNA, as discussed in more detail below. As mentioned
above, the criterion for an interfacial water molecule is to
be simultaneously closer than 2.5 A to at least one atom on
the protein and one atom on the DNA. In general, water
molecules can be classified into two groups: those
belonging to bulk solvent and those that interact with the
surface of solutes, the latter being generally in exchange
with bulk solvent (Otting et al. 1991; Denisov and Halle
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1995). Despite the presence of water molecules in interface
of protein and DNA, interestingly, we observed that some
water molecules were relatively mobile and exchanged
rapidly with bulk solvent. These fast-exchanging water
molecules had short residence time (shown as yellow balls
in Fig. 5). Using Fig. 5, in addition to hydration of protein—
DNA interface, the orientation and location of the protein
with respect to the DNA can be investigated during MD
simulation. As in the starting structure of PRH-DNA
complex, helix-3 and N-terminal lie in the major groove and
adjacent minor groove of the DNA, respectively; during the
simulation, N-terminal and helix-3 retain their location also.
Figure 5 confirms this. Analysis of direct and water-medi-
ated hydrogen bonds was done for the entire simulation
time (20 ns), but since water molecules mostly lie in the
interface between protein and DNA (specially, helix-3 and
N-terminal) in the time window of 15-20 ns, we list only
contacts populated >40% in the last 5 ns of the trajectory.

Direct protein-DNA hydrogen bonds

Table 1 summarizes direct hydrogen bonds extracted from
the trajectory with their populations. In this table, contacts
populated over 40% in the last 5 ns of the trajectory are
listed. The stability of hydrogen bonds was measured by
the percentage of their presence during the 15-20 ns tra-
jectory of PRH-DNA simulation. As shown in Table 1,
secondary structure elements of PRH, N-terminal (Glyl,
Gly4, Val6, Arg7 and Phe8) and helix-3 (Gln44, Lys46,
GIn50, Asn51, Arg53, Arg57 and Arg5S8) residues are
involved in direct hydrogen bonding between PRH and
DNA more than the rest. Protein—-DNA direct hydrogen
bonds include both specific interactions (between PRH and
DNA base), being the most important determinants of the
molecular recognition process in protein-DNA complexes,
and non-specific interactions (between PRH and DNA
sugar/phosphate backbone), being significant for the over-
all stability of the complex. Fifteen protein residues and 11
DNA bases participate in both direct and water-mediated
hydrogen-bond interactions. As a complement to Table 1,
some contacts are depicted as pictures or as time evaluation
of bond distance in detail.

Asn51 participates in multiple contacts to A6 with high
stability. Two hydrogen bonds are formed between the
Asn51 OD1 atom and the H62 atom of A6 and also
between Asn51 HD21 atom and the N7 atom of A6. Both
hydrogen bonds mentioned are well consistent with
experimental and computational studies (Zhao et al. 2006;
Gruschus et al. 1997).

Arg57 also participates in multiple contacts to C18, but
with lower occupancy than Asn51 (81%, 64% and 52%
versus 98% and 99%). Arg57 forms three direct hydrogen
bonds to C18 by donating two hydrogen of the NH1 and a

Table 1 Protein-DNA direct hydrogen bonds observed in MD
simulation

Protein residue DNA base Occupancy
(%)
Gly1 o A23 H61 (b) 99
Gly4 o G24 H22 (b) 90
Gly4 H G24 N2 (b) 67
Val6 H G26 O1P (p) 46
Arg7 H A5* O1P (p) 45
Arg7 H A5 N3 (b) 46
Arg7 HH22 A5* 04’ (s) 55
Phe8 H A5? 05’ (p) 43
Phe8 H A5? O1P (p) 95
Arg31 HH11 T16 O2P (p) 43
Arg31 HH12 T16 O1P (p) 42
Gln44 HE21 A6* O1P (p) 96
Lys46 HZ3 T16 03’ (p) 83
Lys46 HZ2 T17 O2P (p) 75
GIn50 OE1 C18 H41 (b) 98
GIn50 HE22 A19 N6 (b) 89
Asn51 HD21 A6* N7 (b) 99
Asn51 OD1 A6* H62 (b) 98
Arg53 HE CI18 O2P (p) 98
Arg53 HH22 CI18 O1P (p) 90
Arg53 HE CI18 O1P (p) 45
Arg57 HH11 CI18 O1P (p) 81
Arg57 HH12 C18 05’ (p) 64
Arg57 HH21 C18 O2P (p) 52
Arg58 HH22 A20 O1P (p) 51
Arg58 HE A20 O2P (p) 48
Arg58 HH21 A19 03’ (p) 47

Only contacts populated >40% in the last 5 ns of the trajectory are
listed. Residues are listed from N-terminal to helix-3. DNA base
names are followed in parentheses by the letters b, p and s, indicating
that the protein residue contacts base atoms, phosphate oxygens or
sugar atoms, respectively

% DNA base belonging to « strand of DNA (1-13)

hydrogen of NH2 to OIP, O5 and O2P atoms of CI8,
respectively. The time courses of the latter two contacts
during the 20-ns MD simulation are shown in Fig. 6. These
two hydrogen bonds show motions with amplitudes of
several angstroms in the first half of the trajectory. Over
time, the distance between donor and acceptor involved in
these two contacts gradually decreases and reaches
hydrogen-bond scale. Studies by Neidle and Goodwin
(1994) confirm the observed interaction between Arg57
and phosphate group of C18.

Lys46 is involved in multiple interactions with T16 and
T17. Figure 7 illustrates these interactions. The HZ3 atom
of Lys46 forms a direct hydrogen bond with O3’ atom of
T16; at the same time, another proton of the NZ group of

@ Springer
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Fig. 6 Protein-DNA bond distances along the MD trajectory of the
PRH and DNA complex. Distance measurements between a atom
HHI12 of Arg57 and atom O5’ of C18, and b atom HH21 of Arg57 and
atom O2P of C18

Fig. 7 Direct interactions between Lys46, Arg31 and T16, T17 on
the DNA. Hydrogen bonds are depicted as broken black lines

Lys46 forms a new hydrogen bond with the phosphate
oxygen atom (O2P) of T17. T16 base, in addition to par-
ticipating in hydrogen bond with Lys46, forms two direct
hydrogen bonds with HH11 and HH12 atoms of Arg31.
As examples of long-lasting base-specific contacts, we
point out interactions such as Glyl-A23 and Gly4-G24
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with 99% and 90% population, respectively. Arg53 par-
ticipates in three non-specific contacts with C18 such that
two of them persist for about 90% of the simulation time,
but the third is not as stable as the rest. The observed
interactions between Arg53 and phosphate group of C18
are confirmed by studies of Neidle and Goodwin (1994).
Moreover, the H atom of Phe8 contacts with O5’ atom of
A5, this interaction being weakened after approximately
8 ns. In the remaining part of the trajectory, the H atom of
Phe8 contacts with O1P atom of AS.

Water-mediated protein—~DNA hydrogen bonds

Since GROMACS cannot directly compute water-mediated
hydrogen bonds, the following description is used: First,
the g_hbond tool of GROMACS was applied to analyze
hydrogen bonds between protein and water molecules; In
the next step, hydrogen bonds between DNA and water
molecules were analyzed; Finally, water molecules com-
mon to both analyses are considered as taking part in
water-mediated hydrogen bonds. A perl script was used to
obtain the occupancy (%) of hydrogen bonds. Table 2
provides complementary data for the role of water mole-
cules in contact with protein and DNA simultaneously
(water-mediated hydrogen bonds) during the trajectory. For
water molecules which mediate hydrogen bonds between
the protein and DNA, again a 40% population cutoff was
used. Similar to direct hydrogen bonds, water-mediated
hydrogen bonds were mostly formed in N-terminal and
helix-3. Water-mediated hydrogen bonds are believed to be
important for the specificity of biomolecular recognition
and overall complex stability (Janin 1999; Schwabe 1997,
Jones et al. 1999).

GIn50 accepts a hydrogen bond from N4 of C18 (98%
population) and donates a hydrogen bond to N6 of A19

Table 2 Water-mediated hydrogen bonds observed in MD

simulation

Protein residue-----Water-----DNA base Occupancy (%)

Gly4 (H)---OW-HW----C3 (03') 91-78
Gly4 (H)---OW-HW----C4 (04') 91-91
GIn5 (H):--OW-HW-----T4 (O) 32-45
Arg7 (HE)---OW-HW----T4 (03') 60-95
Arg7 (HE)---OW-HW-----AS (04') 45-96
Trp48 (H)---OW-HW----A6 (O2P) 90-99
GIn50 (HE21)--OW-HW----T7 (O4) 85-90
Asn51 (OD1)----HW-OW----A20 (H61) 63-92
Arg58 (HH22):--OW-HW.----A20 (N7) 43-30

Only contacts populated >40% in the last 5 ns of the trajectory are
listed. Residues are listed from N-terminal to helix-3. Atoms
involving in hydrogen bond are in parentheses after protein residue
and DNA base name
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Fig. 8 Direct contacts between C18, A19 and GIn50 and water-
mediated contacts between GIn50 and T7 nucleotide of the DNA

12

104 »
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(=2

0 5 10 15 20
Time (ns)

Fig. 9 Variation of intermolecular distance during the 20-ns MD
simulation. Distance between Arg7 (HH22) and A5 (04) and
distance between HE of Arg7 and oxygen atom of the water are
shown by black and grey lines, respectively

(89% population) (Fig. 8). Furthermore, a water molecule
fits between the NE2 group of GIn50 and the O4 atom of
T7. This water-mediated interaction between GIn50 and T7
was observed in more than three-quarters of the snapshots

Fig. 10 Direct and water-
mediated interactions: a Arg7—
A5; b Arg58-A19 and Arg58—
A20

examined. The switch in interaction of GIn50 from C18 to
A19 in the course of the simulation identifies the dynamic
character of this very important interaction. The observed
network of direct and water-mediated interactions illus-
trates the role of GIn50 in protein—-DNA binding affinity
and specificity. The direct base-specific hydrogen bond
between GIn50 and C18 and water-mediated hydrogen
bond between GIn50 and T7 are consistent with literature
(Zhao et al. 2006; Neidle and Goodwin 1994, Flader et al.
2003).

Arg7 and A5 were involved in both direct and water-
mediated hydrogen bonds (Fig. 9). In the first 4 ns of tra-
jectory, there was no connection between them. The direct
hydrogen bond connecting H22 atom of Arg7 with O4’
atom of A5 was present in 55% of the trajectory (in the
4-15 ns interval). Arg7 lost its contacts with AS from
approximately 15 ns to the end of the simulation, as the
distance between donor and acceptor increased (black line
in Fig. 9). Closer inspection showed that this could be
related to presence of water molecule between them.
Investigation of the distance between HE atom of Arg7 and
oxygen atom of the selected water molecule as a function
of time clarifies this. As shown in Fig. 9, this water mol-
ecule lies between Arg7 and A5 at about 15 ns, as direct
hydrogen bond is broken and this contact is replaced by
water-mediated hydrogen bond. Selected water molecule
forms water-mediated hydrogen bond by donating a
hydrogen atom to O4’ of A5 and accepting HE atom of
ArgT.

MD simulation identifies that a hydrogen bond between
the H atom of Arg7 and N3 atom of A5 is observed in the
initial 10 ns. This direct base-specific hydrogen bond is
replaced by a hydrogen bond with the O1P atom of A5
(Fig. 10a). In addition to two direct hydrogen bonds men-
tioned already, water-mediated hydrogen bond between
Arg7 and AS is also shown in this figure.

Another residue involved in both direct and water-
mediated hydrogen bonds is Arg58 (Fig. 10b). This residue
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Fig. 11 Penetration of a water molecule between the nitrogen atom
of Gly4 and the N2 atom of G24 is shown by the distance between
these two atoms (black line) and the distance between the nitrogen
atom of Gly4 and the oxygen of the penetrating water molecule (grey
lines)

is in contact with A19 and A20, respectively (HH21 and
HE of Arg58 with O3’ and O2P). Water-mediated hydro-
gen bond between Arg58 and A20 with a modest popula-
tion is observed during simulation time. It seems that the
reason for this low population is that water molecules
mediating Arg58—A20 contact exchange with bulk solvent.

Time evaluation of the distance between H atom of Gly4
and N2 atom of G24, shown in Fig. 11, suggests water-
mediated contacts in this interaction. The grey line in this
figure represents the distances between oxygen atom of
selected water molecule and H atom of Gly4. Until about
8.7 ns, there is a stable direct hydrogen bond between Gly4
and G24. In the 8.7-13.5 ns interval, the distance between
donor and acceptor increased to 6 A. This coincides with a
decrement in distance between water oxygen and Gly4. In
other words, this water molecule penetrates at about 9 ns
and leaves this position at 13.3 ns. The Gly4-G24 inter-
action reappears in the 13.5-15.3 ns interval. At 15.3 ns,
another water molecule forms a hydrogen bond bridge
between Gly4 and G24, as the distance between Gly4 and
G24 increased to 9 A again. On the exit of this second
water from the area at 16.5 ns, direct hydrogen bond
between Gly4 and G24 is formed again and remains there
for the rest of the simulation. In general, owing to the
movements of the water molecules, contacts such as Gly4—
G24 constantly break and form in short intervals.

Two additional bridging water molecules are observed in
simulation. One mediates interactions between the H atom
of Trp48 and the O2P atom of A6. A second water molecule
in the vicinity mediates OD1 atom of Asn51 and the H61
atom of A20. The latter contact is in good agreement with
data obtained from theoretical study of the Engrailed
homeodomain—-DNA complex (Zhao et al. 2000).
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Error estimation relating to the distance between one
donor atom and one acceptor atom participating in hydro-
gen bonding was calculated by block averaging methods
(Hess 2002). In this method, each trajectory was divided
into blocks, and the average distance of each block was
calculated. The errors in distance were then estimated as
one standard deviation of the block averages. For distances
in Fig. 9, these errors range from 0.39 A for the black line
t0 0.9 A for the grey line. The estimated errors for donor—
acceptor distances in two hydrogen bonds in Asn51-A6 are
0.023 and 0.011 A. As expected, the block size increases
until the standard error estimate becomes constant and
approaches the true error.

Conclusions

Molecular dynamics simulations of the proline-rich
homeodomain (PRH)-DNA complex have been carried out
for 20 ns of total simulation time to investigate both the
dynamical properties of water in the interface of the
complex and hydrogen-bond patterns of the protein—-DNA
interaction.

At the beginning of the simulation, water molecules
were placed randomly. During simulation, water molecules
gradually neared protein residues or DNA bases and
located around helix-3 (recognition helix) and N-terminal.
The simulation shows the important role of water mole-
cules in the formation of the binding interface. By ana-
lyzing direct and water-mediated hydrogen bonds, we
found contacts that are important in PRH-DNA recognition
and binding, such as GIn50-C18, GIn50-water—T7 and
Asn51 and A6. The observed interactions are in good
agreement with literature. Besides the analysis of hydrogen
bonds between protein and DNA, structural properties such
as RMSD, RMSF and secondary protein structure were
evaluated. DNA binding and consequent restriction of
molecular motions resulted in lower fluctuation of both the
protein and DNA in the complex than in the free status, but
the stabilization due to complex formation was larger for
the protein than for the DNA. Both termini of the protein
become ordered upon binding to DNA. The overall sec-
ondary structure pattern of free and bound homeodomain is
maintained during the 20-ns MD simulation.
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