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Abstract We conducted molecular dynamics simula-
tions on several wild-type and mutant homeodomain-
DNA complexes to investigate the role of residue 50 in
homeodomain-DNA interaction and the behavior of
interfacial hydration water. Our results suggest that this
residue interacts more favorably with its consensus
sequence and thus plays a considerable role in DNA
recognition. However, residue 50 was not responsible for
DNA recognition alone. Other residues in the vicinity
could interact with residue 50 in cooperation upon DNA
binding. We also found the lifetime for some water in the
protein-DNA interface can be as high as nanoseconds
and that a few well-conserved sites for water-mediated
hydrogen bonds from protein to DNA are occupied by
high-mobility hydrating waters.

Keywords Molecular dynamics - Homeodomain -
DNA binding - Hydration water

Introduction

In a biological cell, DNA binding proteins affect several
crucial processes such as cell division, differentiation and
protein expression. The proteins must be able to dis-
criminate closely related DNA sequences and bind with
high affinity to the proper DNA site. Understanding the
binding mechanisms and specificity of the protein-DNA
interactions is vital in comprehending these crucial
processes. Many structures of protein-DNA complexes
have been solved and efforts have been made to char-
acterize the protein-DNA interaction in search of a
simple “code” (Jones et al. 1999; Kono and Sarai 1999;
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Mandel-Gutfreund et al. 1995; Nadassy et al. 1999;
Pabo and Nekludova 2000; Suzuki and Gerstein 1995).
Initially the interactions which contribute to the speci-
ficity were considered to be direct sidechain to base
contacts, the so-called direct read-out. Since the solution
of the X-ray structure of the Escherichia coli trp re-
pressor (Otwinowski et al. 1988), in which the interfacial
water network seems to mediate specific contacts be-
tween protein and DNA, and subsequent biochemical
characterization confirmed the observation (Haran et al.
1992), the role of interfacial water molecules in DNA
recognition has received increasing attention (Janin
1999; Jones et al. 1999; Nadassy et al. 1999). With high-
resolution X-ray crystallography and NMR it is now
possible to determine the positions of these water mol-
ecules, and NMR experiments are also able to estimate
their lifetime in the interface. Yet the questions of their
mobility, dynamics and their contribution to specificity
and affinity need to be explored (Janin 1999).
Homeodomain proteins are a family of gene regula-
tory proteins which control cell differentiation during
the early stages of embryo development of many eu-
karyotic organisms (Gehring et al. 1994a, 1994b;
Kornberg 1993; Scott et al. 1989; Tullius 1995). The
DNA binding structural module, the homeodomain, is a
good model to study the factors that determine the af-
finity and specificity. The biochemical and structural
properties of this 60 amino acid residue long module are
well documented. Both in vivo and in vitro studies show
that the homeodomain is capable of sequence-specific
binding. The DNA consensus sequence recognized by
homeodomains in vitro is 5-TAATNN-3". The structure
of this domain is highly conserved and consists of three
helices, the third of which is inserted into the major
groove of the DNA in a strikingly conserved manner.
On the minor groove side, the N-terminal arm of the
domain is also contributing to DNA binding. Extensive
contacts from the sidechains of the third helix to the
bases were documented in all homeodomain structures
and the sequence of this helix is also remarkably well
conserved. Because the third helix makes contact with



the 5-TAATNN-3" sequence, it is referred to as the
recognition helix. The core 5-TAAT-3" bases interact
with residues 47 and 51 from the major groove side and
with residues on the N-terminal arm from the minor
groove side (Gehring et al. 1994a, 1994b; Kornberg
1993; Scott et al. 1989; Tullius 1995). The identity of the
specificity determining residue for DNA recognition is
much argued. It has been hypothesized that residue 50
(glutamine, lysine, serine, histidine, cysteine, isoleucine,
arginine or glutamate) is the sequence discriminating
residue (Hanes and Brent 1991; Stepchenko et al. 1997;
Treisman et al. 1989). Lately this view has been chal-
lenged by other biochemical and structural studies (Ades
and Sauer 1994; Grant et al. 2000; Tucker-Kellogg et al.
1997; Vershon et al. 1995). In the experimental struc-
tures it was found that lysine in this position has a dis-
tinct conformation, while serine, glutamine and cysteine
were protruding into the protein-DNA interface but
there were no specific contacts to DNA. The observation
of a network of bound water molecules around these
residues led to the hypothesis that the residues are part
of a water-mediated hydrogen bond network which fa-
cilitates recognition. The importance of residue 50 in
DNA recognition is an unsettled issue. The various ex-
perimental results either advocate or overthrow the hy-
pothesis, largely depending on which amino acid is in
position 50. We choose to address the question by sim-
ulating different complexes with different residues
(Iysine, glutamine, serine and cysteine) in position 50.
There are four other naturally occurring amino acid
residues, arginine, isoleucine, histidine and glutamate, at
that position. Since they are rare in the homeodomain
family (isoleucine, 1 case; glutamate, 2 cases; arginine, 2
cases; histidine, 3 cases) and since there are no experi-
mental structures available, we choose to exclude them
from this study.

In this work, we attempt to answer questions about
the structural and dynamic properties of different side-
chains of residue 50 in DNA recognition. We also study
the dynamics of the interfacial water molecules and their
part in aiding DNA binding. As a scaffold we chose the
MAT o2 homeodomain, a yeast mating type regulating
protein and mutated in silico the serine at position 50 to
lysine, glutamine and cysteine. The mutants were simu-
lated together with different homeodomain-specific
DNA sequences using molecular dynamics (MD) tech-
niques. We found that the residue at position 50 is im-
portant for DNA recognition and that the interfacial
water molecules and their long lifetimes and high mo-
bility are crucial for binding specificity and affinity.

Methods

System set-up

The crystal structures of MAT ¢2 homeodomain (PDB code: lapl)
(Wolberger et al. 1991), antennapedia homeodomain (PDB code:
9ant) (Qian et al. 1993), engrailed Q50K mutant homeodomain
(PDB code: 2hdd) (Tucker-Kellogg et al. 1997), engrailed home-
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odomain (PDB code: 1hdd) (Kissinger et al. 1990) and POU Oct-1
homeodomain (PDB code: 1oct) (Klemm et al. 1994) were collected
from the Protein Data Bank (Bernstein et al. 1977). The backbone
of the third helices of 9ant, 2hdd and loct were superimposed onto
that of lapl using Modeller (Sali and Blundell 1993). The serine at
position 50 in lapl was mutated to glutamine, lysine and cysteine
by transferring the coordinates of the most populated conformer of
these residues from 9ant, 2hdd and loct, respectively. The protein
structures are referred to as S50, Q50, K50 and C50, in accordance
with the amino acid residue at position 50. The DNA bases that do
not make contacts with the proteins were removed and the back-
bone of each of the DNA fragments was also superimposed onto
that of lapl. The sequences of the DNA fragments were: 5'-
CATGTAATT (lapl), 5-GCCATTAGA (9ant), 5-GGGATT-
ACA (2hdd) and 5-CTTATTTGC (loct). The DNA structures
were then merged with the protein structures, as shown in Table 1.
The complexes were named XS0WT, if the DNA sequence is the
native sequence to the corresponding residue 50 in the experimental
structures, or else XS0MUT. All together there were seven system
set-ups. Hydrogen atoms were added to the molecules using the
subroutine HBUILD (Briinger and Karplus 1988) in CHARMM
(Brook et al. 1983). The systems were immersed into a pre-equili-
brated TIP3P (Jorgensen et al. 1983) water box of size
55x50x40 A®. The total surplus of the negative charges in the
system was neutralized by adding sodium ions 6 A away from the
phosphorus atom on the bisector of the phosphate oxygen atoms.
All water molecules with the oxygen atom closer than 2.8 A to the
solute were deleted.

The minimization and subsequent dynamics simulations were
all performed by using the CHARMM program (Brook et al. 1983)
and the all-atom version 22 parameters for proteins and water
(MacKerell et al. 1998) and version 27 for nucleic acids (Foloppe
and MacKerell 2000). The protein and the DNA were initially fixed
and the system was minimized with 200 steps of steepest descent
(SD) followed by 200 steps of adopted basis Newton-Raphson
(ABNR). The restraint was then altered to 10 kcal mol ' A2
harmonic constraints on the backbones and the system was mini-
mized with 100 steps of ABNR. The constraints were then tuned to
5 kcal mol ' A and another 100 steps of ABNR minimization
were conducted. The solutes were then again fixed for a 25 ps
constant volume and temperature MD simulation with periodic
boundary condition at 300 K, allowing the water and the ions to
relax around the macromolecules. Immediately after the simula-
tion, 100 steps SD minimization were performed and the restraints
were removed to perform another 200 steps ABNR minimization.
The final structures were the input structures to the MD simula-
tions.

MD simulation

In order to mimic a long DNA molecule, harmonic constraints
were applied on the Watson-Crick hydrogen bonds at the base
pairs at the 3" and 5" ends of the DNA. Periodic boundary condi-
tions were applied for all MD simulations. The simulations were
carried out at a constant temperature of 300 K and constant
pressure of 1 atm by internal virial using the weak coupling algo-
rithm by Berendsen et al. (1984). The compressibility constant was

Table 1. The system set-ups. In the X50MUT simulations the
DNA sequences are the same as the SSOWT simulation

Protein Consensus DNA sequence
S50WT S50 TTACAT
KS0WT K50 TAATCC
Q50WT Q50 TAATGG
C50WT C50 AAATAA
K50MUT K50 TTACAT
Q50MUT Q50 TTACAT
C50MUT C50 TTACAT
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4.63x107° atm ' and both the temperature and pressure coupling
constants were 5 ps. The time-step was 2 fs and all bonds involving
hydrogen atoms were constrained by applying the SHAKE algo-
rithm (van Gunsteren and Berendsen 1977). The coordinates were
saved every 0.5 ps and the non-bond and image lists were updated
when necessary. A constant dielectric constant of 1.0 was applied
and the cutoff for long-range interactions was set to 12 A with an
atom-based force shift function. The non-bonded list cut-off was
set to 14 A. Each system was simulated for 1.6 ns. Average struc-
tures were calculated from 0.4 ns to the end of the simulations and
minimized by running 800 steps SD.

The criterion on a hydrogen bond is that the distance between
the acceptor and the hydrogen atom should be less than 2.4 A. A
water bridge is defined to exist between two groups, which simul-
taneously form hydrogen bonds to the same water molecule.
Lifetimes of hydrogen bonds and water-bridged hydrogen bonds
were analyzed with 5 ps time resolution. The cutoff distance for van
der Waals contact was set to 4 A.

The calculations were carried out either on DEC alpha work-
stations or PC clusters of Pentium II 450 MHz processors running
Linux.

Results and discussion

In total we describe seven simulations of 1.6 ns each.
First, we present the general features of the simulations
and then move on to the differences between the simu-
lations in terms of residue 50 and its contacts with DNA
and other residues. Lastly, the behavior of the ions and
the water molecules will be characterized. In the pre-
sentation and the tables the numbering of the nucleo-
tides will follow Table 2.

All simulations were stable, as judged from the time
evolution of the overall RMS deviation (Fig. 1) and they
seemed to have reached equilibrium at about 400 ps.
The backbone RMS deviation of the averaged structures
compared to starting structures was around 1.5 A for all
except C50WT, which was 2.8 A. The residue-based
RMS deviations compared to the averaged structures
indicate, as expected, that the terminals of the protein
and the DNA are more flexible, and that the protein
sidechains are more flexible than the backbone, in con-
trast to DNA whose backbone is less rigid (Fig. 1). The
RMS fluctuations were around 1 A for the backbone
and somewhat higher for the sidechains and bases. The
typical behavior of our simulations is represented by the
S50WT simulation shown in Fig. 1.

Table 2. DNA sequences used in the simulation systems. The
conserved ATTA/TAAT sequences are highlighted in bold

C50DNA 1 2 3 4 5 6 7 8 9

- C T T A T T T G C
G A AT A A A C G -

Q50DNA 5 G C C A T T A G A
cC G GT A A T C T -5

SSODNA7 5 C A T G T A A T T
G T A C A T T A A -5

KSODNA 5 G G G A T T A C A
c ¢ ¢ T A AT G T -5

IHDDDNA 5- A G G T A A T T A
T ¢ ¢ A T T A A T -5

18 17 16 15 14 13 12 11 10

S50WT simulation

The SS0WT simulation started from the X-ray structure
of the MAT o2 homeodomain-DNA complex (Wolber-
ger et al. 1991). In the simulation, Ser50 was only briefly
in hydrogen bond contact with bases A2 and T3. In
accordance with the crystal structure, the serine was
basically involved in van der Waals and water-mediated
contacts with the DNA. The serine was in van der Waals
contact with A2 and T3 during 30% and 87% of the
simulation. Water molecules mediating hydrogen bonds
from Ser50 to the specific NN bases are listed in Table 3.
In addition to the DNA contacts, the hydroxyl group of
the serine also formed a hydrogen bond with the Lys46
carbonyl oxygen at an occupancy of 66%.

KS0WT and K50MUT simulations

Since, to our knowledge, there is no experimental
wild-type homeodomain structure with a lysine at
position 50, we used a structure of an engrailed Q50K
mutant structure bound to a bicoid-specific DNA se-
quence (Tucker-Kellogg et al. 1997). In the KS0WT
simulation the N{ hydrogen atoms of the lysine bound
interchangeably to N7 and O6 atoms of the guanines.
The contacts lasted through the entire simulation.
Each of the hydrogen atoms participated in hydrogen
bonds with the guanines for 33-49% of the simulation
(Table 3). Water-mediated hydrogen bonds from the
lysine to the guanine bases were much more scarce
and of shorter duration. The Lys50 sidechain was not
involved in any hydrogen bonds with the rest of the
protein.

In the KSOMUT simulation, where the DNA se-
quence is non-specific for lysine, the lysine bound most
of the time to the N7 atom of base A2 and only occa-
sionally to the O4 atom of base T3 (Table 3). After 1 ns
the lysine turned away from the DNA to form hydrogen
bonds with the backbone carbonyl of Lys46. Water-
mediated hydrogen bonds from Lys50 to the DNA bases
extended less than 10% of the simulation time.

In agreement with the experimental results (Ades
and Sauer 1994; Hanes and Brent 1991; Treisman et al.
1989; Tucker-Kellogg et al. 1997), our simulations
showed that lysine without doubt was able to distin-
guish the bicoid-specific 5-TAATCC by hydrogen
bonding to the 5-GG bases on the complementary
strand. Each guanine offers two hydrogen bond ac-
ceptors (atoms O6 and N7) whereas lysine has three
hydrogen bond donors (the H{ atoms). This combina-
tion maximizes the interaction possibilities and it pro-
vides both high affinity and specificity to the
interaction. When simulating with a non-specific DNA
sequence (the KSOMUT simulation), the smaller num-
ber of hydrogen bond acceptors on the DNA made the
Lys50-DNA contact less stable and the sidechain of
Lys50 turned away to form a hydrogen bond with the
protein backbone carbonyl of Lys46.
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Q50WT and Q50MUT simulations

In the experimental homeodomain structures with a
glutamine occupying position 50, there are no obvious
direct contacts between this residue and the DNA
(Billeter et al. 1993; Fraenkel and Pabo 1998; Fraenkel
et al. 1998; Gruschus et al. 1999), but possibilities of
contacts are discussed in the NMR and crystal structures
of the antennapedia homeodomain-DNA complex

T T
8O0 BOO 1400

Time (ps)

(Billeter et al. 1993; Fraenkel and Pabo 1998). In the
QS50WT simulation we observed direct hydrogen bonds
from Oe of glutamine to the H42 atom of base C3 (39%
occupancy) and from the He atoms to the phosphate
group of G1 (28% occupancy). The Q5S0MUT simula-
tion exhibited extensive direct hydrogen bonds from He
of GIn50 to N7 at base A2 (Fig. 2) and a much weaker
interaction from He to O4 of base T3. The occupancy of
water-mediated hydrogen bonds was slightly higher
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Table 3. The dominant direct or water-mediated contacts in each
simulation with occupancy over 10% of the whole simulation time.
The numbering of the bases corresponds to the numbering in
Table 2

Protein® DNA Occupancy (%)
S50WT Ser50 Oy* A2 N7 44
Ser50 Oy* A2 Hé6l 14
Ser50 Oy* A2 H62 11
Ser50 Hy* A2 N7 11
Ser50 Hy* T3 04 12
K50WT Lys50 H{1 G2 N7 12
Lys50 H{1 G3 06 12
Lys50 H{1 G3 N7 10
Lys50 H{2 G3 06 12
Lys50 HZ2 G3 N7 13
Lys50 H(3 G3 06 21
Lys50 H(3 G3 N7 19
Lys50 H{1* G2 06 10
K50MUT  Lys50 H{1 A2 N7 26
Lys50 H{2 A2 N7 14
Lys50 H{3 A2 N7 17
Q50WT GIn50 Oe C3 H42 39
GIn50 He21* C2 H42 52
GIn30 Oe* G16 06 17
Q50MUT  GIn50 He2l A2 N7 63
GIn50 He21 T3 04 11
GIn50 He21* A3 H61 15
GIn50 He21* Al16 H61 42
C50WT Cys50 Cp # T2C5M 22
Cys50 Sy # T2C5M 55
C50MUT  Cys50 Hy * A2 N7 13
Cys50 Sy # A2 N7 25
Cys50 Sy # T3C5M 44
Cys50 Sy # T3 04 42
IHDD GIn50 He21* T14 O4 49
GIn50 He22* T13 04 51
GIn50 He22* A5 N7 17
GIn50 He22* A5 H62 11

“Asterisk (*) indicates water-mediated hydrogen bonds; hash (#)
indicates van der Waals contacts

(52% and 17% versus 42% and 15%) in the Q50WT
simulation than in the QS0MUT simulation (Table 3).
Only in Q50WT was the glutamine interacting with an-
other protein residue sidechain, Lys46. The occupancy
for hydrogen bonds involving each of the H{ atoms on
Lys46 was 10-15% (38% in total).

It seems that GIn50 strongly favors the MAT o2 DNA
sequence because of the stable hydrogen bond between
the GIn50 He atom and the N7 atom of base A2 in the
Q50MUT simulation (Fig. 2). The DNA sequence used
when solving the structure of the antennapedia home-
odomain (9ant) was, however, not the consensus one. To
investigate the behavior of glutamine in the presence of a
consensus DNA sequence, a 1.4 ns simulation of eng-
railed homeodomain (1hdd) with its consensus DNA
sequence was executed. There was no direct hydrogen
bond between GIn50 and the DNA, but both the Ne
hydrogen atoms bound to the (TAAT)TA sequence with
high occupancy via water-mediated hydrogen bonds
(Table 3). The Oe¢ atom of the glutamine was locked in
hydrogen bond with the Lys46 N{ hydrogen atoms with
occupancies of 56%, 23% and 15%. This hydrogen bond
between the two sidechains was not present in the starting

structure of the QS0WT and Q50MUT simulation simply
because Lys46 in the MAT o2 structure adopts a different
conformation compared to the engrailed structure. Be-
cause of the absence of this contact in the QS0MUT
starting structure, the glutamine sidechain turned to
make contact with the A2 base after about 400 ps. Thus
the stable hydrogen bond between GIn50 and A2 ob-
served in the QSOMUT simulation is an artifact due to an
incorrect starting structure. Owing to the same reason,
the hydrogen bond between GIn50 and the base C2 is
broken by a rotation of the y3 angle of GIn50 at 1 ns in
the Q50WT simulation. Because the carbonyl oxygen
atom of the GIn50 sidechain was hydrogen bonded to
Lys46 throughout the 1HDD simulation in which the
DNA sequence is the consensus one (TAATTN)
(Gehring et al. 1994a; Hanes and Brent 1991), it is
tempting to conclude that Lys46 acts as an anchor,
locking GIn50 in a correct conformation for favorable
water-mediated contacts with DNA bases (Fig. 3). In an
extensive list of 387 homeodomain sequences (Gehring et
al. 1994a), 326 have a glutamine at position 50. Of these
326 GIn50 homeodomains, only 41 do not have a lysine at
position 46, and 25 of these have a glutamine at position
46; the other alternative residues at position 46 are: Ile,
Ala, Val, Asn, Glu, Arg and Thr. With a few exceptions
(one Ile, two Ala and two Val), the remaining residues all
offer hydrogen bonding possibilities. This hydrogen bond
seems to be conserved. Mutating Gln to Ala at this po-
sition, thus destroying the hydrogen bond, should change
the DNA specificity of the Q50 homeodomain.

Grant et al. (2000) solved the engrailed GIn50Ala
mutant structure and found that Lys46 is one of the three
residues that adopts a different conformation. They also
found that the movement of Lys46 and the nearby Arg31
seems to cause a widening of the DNA major groove by
2-2.5 A. Thus, when removing GIn50 the Lys46 becomes
less constrained and this may cause a widening of the
major groove. This could be a destabilizing factor for the
binding. By studying four experimentally determined
homeodomain-DNA complex structures containing
Lys46 and GIn50, they concluded that the Lys46-GIn50
contact is not conserved in three of them: HOX-1,
ultrabithorax and antennapedia (Grant et al. 2000).
However, none of these complexes includes the typical
Q50 homeodomain conserved DNA sequence TAATTN.

C50WT and C50MUT simulations

Because of the less polar nature of cysteine compared to
serine, there were even fewer water-mediated hydrogen
bonds let alone direct hydrogen bonds between the cy-
steine and the bases in these systems. During 59% of the
C50WT simulation the Hy atom of cysteine was in hy-
drogen bond contact distance to the carbonyl oxygen of
Lys46, whereas the same contact was present only 19%
in the C5S0MUT simulation. The sidechain of Cys50 was
in van der Waals contact with the methyl groups from T2
and T3 throughout the C50WT simulation. During
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Fig. 2. Time dependence of distances between the GIn50 sidechain
and NN bases in the Q5S0WT and Q50MUT simulations: A Q50WT
simulation, Oe atom to C2 H42; B Q50WT simulation, Oe atom to
C3 H42; C Q50MUT simulation, Ho atom to A2 N7; D Q50MUT
simulation, Ho atom to T3 O4

800 ps in the C50MUT simulation, similar contacts to
the A2 and T3 could also be noted. Figure 4 shows that
the contact distances in CS0WT were basically stable
during the whole simulation while the contact distances
fluctuated more in the C50MUT simulation, which in-

Fig. 3. Two snapshots taken at the beginning (yellow) and after
1 ns (green) of the Q50WT (A), QS0OMUT (B) and 1HDD (C)
simulations
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dicates that Cys50 distinguishes the correct sequence
with long-term stable van der Waals contacts. Experi-
mental results show that the POU-homeodomain con-
sensus sequence is 5-TAATNA (Stepchenko et al. 1997,
Verrijzer et al. 1992), which is very well reflected in our
C50WT simulation where the Cys50 sidechain was in-
teracting with T2 during the whole simulation but not
with T3. This implies that the fifth base in the consensus
sequence is likely a variable one. Various studies have
shown that the C50 homeodomain alone is only capable
of weak DNA binding, with low specificity (Ingraham
et al. 1990; Verrijzer et al. 1990, 1992). This is explained
in our simulations by the fact that the DNA interaction
with Cys50 is based purely on van der Waals interactions.
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As an additional test, we examined contacts from the
NN bases in the (TAAT)NN sequence on both strands
to any other residue in all seven simulations. We found
that these two bases did not form any direct hydrogen
bond to other protein sidechains except residue 50 and
there were only a few water-mediated hydrogen bonds of
noticeable occupancy in some of the simulations
(Table 4). Evidently residue 50 is the one that determines
the sequence of the NN bases. It is interesting to note
that one of few water-mediated hydrogen bonds from
the (TAAT)NN sequence went to Arg54, which has been
suggested to participate in DNA sequence recognition.
This contact was, however, short and not conserved in
all simulations. In the S50WT simulation, Asn47 also
contacted the (TAAT)NN sequence; this position is
usually occupied by a highly conserved Ile and its im-
portance has also been debated. The water-mediated
hydrogen bonds in the SSOWT simulation were not re-
produced in the other simulations with the same DNA
sequence (X50MUT), further supporting the notion that
only residue 50 plays a non-negligible role in homeo-
domain DNA differentiation.

Time (ps)

Table 4. Water-mediated hydrogen bonds from NN bases to
protein sidechains other than residue 50. There were no other direct
contacts from the NN bases to any other protein sidechain than
residue 50. Occupancy cutoff is 10%. The numbering of the bases is
the same as in Table 2

DNA base Protein Occupancy (%)
S50WT T3 04 Arg54 HH21 12
Al6 H61 Asnd7 0ol 34
Al16 H62 Asn47 Ool 10
K50WT G3 N7 Arg54 HHI11 34
K50MUT - - -
Q50WT - - -
Q50MUT - - -
C50WT T2 O4 Lys46 H{3 21
C50MUT T3 04 Arg54 HH12 13

Hydration of homeodomain-DNA complex

Because in a protein-DNA complex the interfacial sol-
vent molecules, with few exceptions, hydrogen bond to
both protein and DNA, we defined a water molecule to
be interfacial if it was within 2.4 A distance from both



the protein and the DNA. This is equivalent to an earlier
definition (Nadassy et al. 1999). This definition is prone
to slight overestimation because water molecules at the
boundary of the interface will be counted. Table 5 shows
the average number of water molecules in the protein-
DNA interface, sampled every 5 ps. The hydration of
the interface varied from 16 up to 40 interfacial water
molecules in the snapshots, averaging around 30 for all
simulations. This is in concord with earlier studies of
high-resolution crystal structures of protein-DNA
complexes (Jones et al. 1999; Nadassy et al. 1999), which
suggested that a protein-DNA complex with an interface
area of the MAT &2 homeodomain complex (3740 A?)
should have about 25 water molecules on average. The
number of water-mediated hydrogen bonds between the
protein and DNA that were longer than 50 ps are also
shown in Table 5. Most of the single water-mediated
hydrogen bonding contacts lasted less than 50 ps, yet a
few could be over 200 ps (Table 6). On average, nine
water-mediated contacts (range 6-17) had an occupancy
of more than 30%. The average lifetimes of these con-
tacts were short (rarely over 60 ps), even for high oc-
cupancy (over 30%) water-mediated hydrogen bonds
between protein and DNA, suggesting that the contacts
constantly break and form in short intervals owing to
the movements of the water molecules. The results hint
that there are a few conserved hydration sites in the
interface which mediate contacts, including hydrogen
bonds and steric complementarity, between protein and
DNA, but the water molecules in these sites are rarely
locked and have high mobility. The RMS fluctuations of
the side chains in the recognition helix and DNA bases
are low, around 0.7 A, implying that the flexibility is not
caused by sidechain and base mobility.

In order to examine the solvent distribution in the
protein-DNA interfaces, we plotted three-dimensional
probability density maps of the simulations with specific
DNA sequences (SSOWT, C50WT, K50WT and 1HDD
simulations) (Fig. 5). The density was highest around
the DNA backbone phosphates. The density was not
uniformly distributed in the major groove but was
confined to defined clusters around the sidechains of the
recognition helices. In both SSOWT and 1HDD simu-
lations, clusters of densities can be found between resi-
due 50 and the (TAAT)NN bases. In the KS0WT

Table 5. The average number of interfacial water molecules in
each system and the amount of those who mediate hydrogen bonds
longer than 50 ps

Number of water-
mediated hydrogen
bonds longer than 50 ps

Average number
of interfacial
waters (£ SD)

SSOWT 32+4 26
CSO0WT 29+4 24
CSOMUT 3244 36
Q50WT 32+4 45
Q50MUT 2843 48
KSOWT 30+4 83
KS0MUT 30+4 30
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simulation there were fewer clusters because the Lys50
sidechain protruded into the interface and caused steric
hindrance for high occupancy hydration sites. In the
C50WT simulation this situation did not occur; rather, it
seemed that the major groove was highly hydrated with
several sites, confirming the hypothesis of few yet con-
served hydration sites in the interfaces.

During the simulation time of 1.6 ns the majority of
the water molecules had shorter residence times than
100 ps, but a few water molecules in the interface had
long residence times, up to the whole simulation time.
Even when prolonging the SSOWT simulation to 3.6 ns
we observed a 3.3 ns residence time. Of the total of 2908
water molecules in the system, 39% were at some point
in contact with both DNA and protein. Of these, 80%
had lifetimes less than 100 ps, and less than 0.5% had
lifetimes more than 2 ns. This is in agreement with
earlier NMR measurements in which a few hydrating

Table 6. The top five long-lived water-mediated hydrogen bonds
in each simulation. The numbering of the bases is the same as in
Table 2

Sidechain Bases Water Lifetime
S50WT

Arg54 He - G4 OlP 519 520
Arg54 He - G4 ol1P 519 435
Argl (0] - TI3 o3 360 140
His3 (0] - Al4 Oo2P 2125 125
Phe5 (0] - TI3 o2pP 853 100
K50WT

Gln44 O - Al4 O2P 2244 275
Arg53 HH22 - Gl Ol1P 1624 200
Arg53 HH22 - Gl o1P 1624 180
Trp48 O - Al3 O2P 1212 175
Trp48 (0] - Al3 o2P 868 165
Q50WT

Arg53 HH22 - Gl Ol1P 680 220
GIn50 He22 - C2 OlP 1377 160
Gln44 O — Al4 O2P 2822 155
Arg53 HH22 - Gl Ool1P 877 150
Arg54 HH21 - A4 o2pP 1491 150
C50WT

Gln44 (0] - Al4 Oo2P 907 215
Gln44 (@) - Al4 O2pP 907 125
Argd HHI1 - Al3 o4 1823 110
Arg52 HHI2 - Al3 Oo2P 2124 105
Trp48 O — Al3 O2P 1845 105
K50MUT

Arg53 HHI2 - Cl O2P 288 240
Gln44 O — Al4 O1P 1289 135
Arg54 He - G4 OlP 2536 125
Lys50 H{3 - A2 O2P 495 125
Asn47 Ho2l - Cl15 OlP 1995 120
Q50MUT

Leu26 HN - Cl o2P 21 295
Gln44 (0] - Al4 Ol1P 2303 225
Asn47 Ho22 - Al4 O1P 2261 185
GIn44 (0] - Al4 O1P 2303 180
Gln44 (@) - Al4 o1P 2303 175
C50MUT

Phe5 HN - TI3 Oo2P 1851 250
Gln44 (@) - Al4 o1P 899 175
Asn351 Ho22 - TI3 Ol1P 1317 130
Arg54 Ho - G4 olP 2472 100
Argd HHI12 -~ T13 o4 898 95
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Fig. 5A-D. 3D probability A
density map of the solvent
distributions in the protein-
DNA interfaces. Only the
recognition helices and the
TAATNN DNA sequences

are shown. The figures are
oriented in such way that we
are looking down along the axis
of the recognition helix. The
blue color indicates a ¢ value
of 1.0 and the red color marks
a g value of 1.5. A C50WT
simulation; B K50WT simula-
tion; C 1HDD simulation; and
D SS0WT simulation

T14

T13

water molecules with 1 ns to millisecond residence times
were found (Qian et al. 1993). In Fig. 6 we illustrate the
path of a single water molecule that spends around
1700 ps in the protein-DNA interface in the SS0WT
simulation.

Upon binding, the protein sidechains and DNA bases
in the binding interface become more rigid because of
the intermolecular interactions between them. Recently,
Jayaram et al. (2002) calculated the free energy com-
ponents of 40 protein-DNA complexes and estimated
the entropy (translational, rotational, vibrational and
configurational entropies) loss of formation of the MAT
o2 homeodomain-DNA complex to be about
47 kcal mol™' (~TAS). Dunitz (1994) concluded that a
single water molecule bound to a protein cavity
contributes no less than about 10 cal mol ' K! (corre-
sponding to ice and crystalline salts) and no more than
16-17 cal mol ' K™' (corresponding to liquid water) in
entropy, i.e. the difference is about 2 kcal mol ' at
300 K. The homeodomain-DNA interface was hydrated
by 30 water molecules on average and no more than two
of them in each simulation were locked in a fixed posi-
tion more than 200 ps (Table 6). Thus, these molecules
were only weakly bound in position. Using MD (Garcia
and Hummer 2000), free energy calculations (Zhang and

Hermans 1996) and NMR measurements (Denisov et al.
1997), it was earlier found that water molecules in pro-
tein cavities, despite extensive hydrogen bonding, have
almost the same entropy as bulk water. Thus the entropy
contribution of the 30 mobile interfacial water molecules
is about 60 kcal mol™' compared to a situation where
they would be kept rigidly in place.

Conclusions

By simulating homeodomain-DNA systems we have
found that the protein-DNA recognition is dependent
not only on direct and water-mediated indirect read-out
between the protein sidechains and the DNA bases, but
also on the arrangement of the nearby protein side-
chains. We found that the residue at position 50 in the
homeodomain is the most important for DNA recog-
nition. The interfacial water molecules occupy several
conserved hydration sites and mediate contacts between
the protein and the DNA. Some water molecules may
have lifetimes in the nanosecond scale in the interface
but in general the majority of the water molecules are
mobile, which means that the entropic cost of keeping
them in the interface region is low. The contacts formed



Fig. 6. Snapshots taken every 100 ps from S50WT simulation of
3.6 ns in total to illustrate the trajectory of a single water molecule.
The colored spheres represent the water molecule. The color scale
goes from red via green to blue. After about 400 ps, this water
molecule spends 1.7 ns between Ser50, Arg53 and bases A2 and T3
before leaving the interface

between residue 50 and the DNA generally involve the
DNA bases at the NN positions in the (TAAT)NN
consensus recognition sequence, whereas most of the
contacts between the DNA and other residues involve
the DNA backbone rather than the base atoms.
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