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Abstract The function of the E. coli lactose operon

requires the binding of the tetrameric repressor protein to

the operator DNA. We have previously shown that c-irra-

diation destabilises the repressor-operator complex because

the repressor gradually loses its DNA-binding ability

(Radiat Res 170:604–612, 2008). It was suggested that

the observed oxidation of tyrosine residues and the con-

comitant structural changes of irradiated headpieces

(DNA-binding domains of repressor monomers) could be

responsible for the inactivation. To unravel the mecha-

nisms that lead to repressor-operator complex destabilisa-

tion when tyrosine oxidation occurs, we have compared

by molecular dynamic simulations two complexes: (1) the

native complex formed by two headpieces and the operator

DNA, and (2) the damaged complex, in which all tyrosines

are replaced by their oxidation product 3,4-dihydroxy-

phenylalanine (DOPA). On a 20 ns time scale, MD results

show effects consistent with complex destabilisation:

increased flexibility, increased DNA bending, modification

of the hydrogen bond network, and decrease of the positive

electrostatic potential at the protein surface and of the

global energy of DNA-protein interactions.

Keywords Ionising radiation � Protein oxidation �
DNA-protein complex � Molecular dynamics

Introduction

The regulation of the expression of genes involved in the

E. coli metabolism of lactose operon requires the binding

of a protein, the repressor, to a specific DNA sequence, the

operator (Wilson et al. 2007). The lactose repressor is a

homotetrameric protein organised as a dimer of dimers. It

contains a tetrameric core (formed by the C-terminal

regions of the four monomers) and four DNA-binding

domains called headpieces (each one being the N-terminal

region of a monomer), linked to the core by a hinge. The

two dimers are assembled via a 4-helix bundle called

tetramerisation domain (formed by the final C-terminal

helices of each core monomer). The two monomers of a

dimer are held together by strong interactions between their

core regions. The free headpiece contains three a helices

linked by loops. The hinge region is unfolded in a free state

and folds into a helix upon binding to DNA.

The first two helices form, together with their connect-

ing loop, the helix-turn-helix (HTH) motif which directly

interacts with the major groove of operator DNA. The

second helix is called the recognition helix. Formation of

the repressor-operator complex requires the binding of at

least one headpiece pair (via the two headpieces of the

same dimer) to the operator (Kalodimos et al. 2004; Spronk

et al. 1996).

We have previously shown that upon irradiation with c
rays the repressor-operator complex is destabilised mainly

because the repressor losses its DNA binding ability

(Eon et al. 2001).

Retardation gel electrophoresis experiments have shown

that the amount of complex between the tetrameric repres-

sor and the DNA decreases with increasing irradiation dose

and that a new complex between DNA and a dimeric

repressor still able to bind DNA is produced. The dimeric
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repressor is formed by the splitting of the tetramer in two

dimers due probably to the damage of the tetramerisation

domain. By further increasing radiation doses this complex

is also destabilised (Goffinont et al. 2009). It is most prob-

able that the loss of binding ability of both the tetrameric

and the dimeric repressors is at least partially due to the

damage of the headpieces. Therefore, and because of cal-

culation limitations, we have chosen to study by molecular

dynamics simulation the effect of headpiece radiation-

induced modifications on the stability of the DNA-

headpiece pair system. However, besides the modification

of the oligomerisation state of the protein, damage to the

core can also affect the binding of the headpieces to DNA by

an allosteric effect. It is known that binding of IPTG to the

core of the lactose repressor hinders its binding to DNA by

inducing a global structural change including the modifi-

cation of the positioning of the HPs (Wilson et al. 2007).

By mass spectrometry the most frequent lesions of

headpieces irradiated free in solution (in absence of DNA)

have already been identified; all tyrosine residues are

modified into their oxidation product (Jain et al. 1997), 3,

4-dihydroxyphenylalanine (DOPA; Gillard et al. 2007).

Tyrosines are the most reactive and accessible amino acids

of the headpiece also according to calculations with the

model RADACK (Begusova et al. 2001). Spectroscopic

measurements and molecular dynamics simulation have

revealed that tyrosine oxidation can induce changes in the

structure and the stability of a free headpiece (Mazier et al.

2008).

To understand how headpiece damage can contribute to

the observed radiation-induced destabilisation of the oper-

ator-repressor complex, it is necessary to consider the

consequences of the protein damage on the structural

properties of the entire headpiece-operator complex with

special attention to the different types of interactions

(electrostatic, hydrophobic, etc.) between the partners.

Therefore we have studied and compared two complexes

using molecular dynamics simulations: (1) the native

complex formed by a pair of headpieces and a fragment of

DNA duplex with the operator sequence and (2) the dam-

aged complex in which all tyrosine residues of the head-

pieces are replaced by DOPA (see Fig. 1). Based on an

NMR-based structure of the native complex deposited at the

Protein Data Bank (PDB ID: 1CJG; Berman et al. 2000;

Spronk et al. 1999), 20 ns trajectories were produced for

each complex and the consequences for the structure, the

flexibility and the interactions of the different partners in the

complexes were analysed. However, it was not expected

that the separation of the headpiece molecules from the

operator could be monitored within such a short time.

Simplified models such as those based on implicit solvent

coarse-graining can be used to access longer time simula-

tions (Klepeis et al. 2009). However, these techniques are

not as predictive as all-atom simulations which are partic-

ularly well suited to study subtle conformational changes

that may have strong impact, despite their small magnitude.

Thus, the atomistic approach is used in this work with the

aim to have a detailed view of the primary events that may

trigger the separation of headpiece molecules from the

operator.

Materials and methods

Initial structures

The headpiece structure (PDB ID: 1CJG) determined by

NMR spectroscopy (Spronk et al. 1999) was used as initial

structure for building the complex including the self

complementary 22 bp operator DNA and two 62 amino

acid free identical headpieces (see Table 1 for sequences).

The damaged complex was obtained by replacing each of

the 4 tyrosines of the native protein by their oxidation

product DOPA. DOPA parameters were created using the

Antechamber program of the AMBER package (Case et al.

2002). Atomic charges and atom names are given in

Table 2.

The protein sequences were terminated by N-terminal

(CH3-CO) and C-terminal (CHCH3) end groups, and 38

Na? counter ions were added to neutralise the complexes.

Each complex with its counter ions was centred in a

truncated octahedron box of TIP3P water molecules.

The final number of atoms was 55,123 and 55,083 for

the native and the damaged complexes respectively.

Molecular dynamics (MD) simulation procedure

Ten thousands steps of energy minimisation were first

performed to remove possible wrong interatomic contacts

in the initial structure. Then the systems were heated in the

NVT ensemble from 0 to 300 K by steps of 50 K. During

Fig. 1 Dihydroxyphenylalanine (DOPA)
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this process the position of the atoms of the protein and of

the DNA was constrained with a harmonic potential in

order to avoid distortion of the solute structure. This was

followed by an MD run at 300 K in the same ensemble

with a progressive decrease of the constraints on the solute

atoms until their complete removal. Then an MD run at

300 K in the NPT ensemble was performed to equilibrate

the systems until density stability. This last step was 1.5 ns

for the native and 4 ns for the damaged complex. The last

conformation of the equilibration state was taken as start-

ing structure for producing a 20 ns MD trajectory for each

complex in the NPT ensemble at 300 K. Snapshots were

stored every 10 ps giving finally a collection of 2,000

conformations. In all MD runs, the SHAKE (Ryckaert et al.

1977) algorithm was used to maintain a constant length of

the covalent bonds involving a hydrogen atom. Electro-

static forces were computed with the Particle Mesh Ewald

(PME) method (Darden et al. 1993). All simulations were

performed with the AMBER9 package (Case et al. 2002).

Analysis of MD trajectories

RMSD

The root mean square deviation (RMSD) between two

structures of a molecular system allows their differences to

be quantified. It is computed as RMSD = [(1/Na) 9

R(ri1 - ri2)2]1/2 in which Na is the number of atoms and ri1

and ri2 are the position vectors i in the first and second

structures respectively. The sum runs from i = 1 to i = Na.

The molecular system can be a group of atoms or mole-

cules, a unique molecule or part of a molecule. Computing

the RMSD necessitates the removal of the overall motions

of the molecular systems.

In our study, when the RMSD between a structure of the

native complex and a structure of the damaged complex is

computed, only backbone atoms N, Ca, C, O, and P are

considered. When RMSD between two conformations of

the same complex (native or damaged) is computed, all

heavy atoms are used.

Most central structure

Averaging each atom position in a collection of confor-

mations of a flexible molecular system describes a mean

structure which is generally not a realistic one. In this work

we consider the most central structure of the collection

instead of the mean structure. It is defined as the confor-

mation k such that R(RMSDkl)
2 is minimum, RMSDkl being

the RMSD between conformations k and l, and the sum runs

over all the conformations l = k of the collection. In the

Table 1 Repressor headpiece

amino acid sequence and DNA

base sequence of the native

complex (PDB ID:1CJG)

Tyr residues are in bold and

replaced with DOPA in the

damaged complex. The four

a-helices of the headpiece are

underlined

Sequences

Headpiece aa sequence

MET1 LYS PRO VAL THR LEU TYR ASP VAL ALA GLU TYR ALA GLY VAL

SER16 TYR GLN THR VAL SER ARG VAL VAL ASN GLN ALA SER HIS VAL

SER31 ALA LYS THR ARG GLU LYS VAL GLU ALA ALA MET ALA GLU LEU

ASN46 TYR ILE PRO ASN ARG VAL ALA GLN GLN LEU ALA GLY LYS GLN

SER61 LEU

DNA base sequence

50-G1 A A T T G T G A G10 C G C T C A C A A T20 T C -30

30-C T T20 A A C A C T C G C G10 A G T G T T A A G1 -50

Table 2 Atomic charges on tyrosine and DOPA

Tyrosine DOPA

Atom Charges Atom Charges

N -0.4157 N -0.4157

H 0.2719 H 0.2719

CA -0.0014 CA -0.0014

HA 0.0876 HA 0.0876

CB -0.0152 CB -0.0224

HB2 0.0295 HB2 0.0732

HB3 0.0295 HB3 0.0732

CG -0.0011 CG -0.0767

CD1 -0.1906 CD1 -0.1292

HD1 0.1699 HD1 0.1356

CE1 -0.2341 CE1 -0.1682

HE1 0.1656 HE1 0.1343

CZ 0.3226 CZ 0.0373

OH -0.5579 OH -0.5182

HH 0.3992 HH 0.4279

CE2 -0.2341 CE2 0.1079

OH2 -0.5013

HE2 0.1656 HH2 0.4365

CD2 -0.1906 CD2 -0.1366

HD2 0.1699 HD2 0.1549

C 0.5973 C 0.5973

O -0.5679 O -0.5679
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following, the most central conformation will be termed

central structure.

Flexibility 2D map

An interesting descriptor of the flexibility of a molecular

system is the amplitude of the fluctuations of interatomic

distances. Indeed, if all the distances between a set of

atoms are constant over a collection of conformations, this

means that the atoms behave as a rigid body. If the dis-

tances fluctuate, they are characteristic of a deformable

body. The mean amplitude of fluctuations of the distances

between two atoms i and j is given by: hdiji = [(1/Nc)P
(dij(c) - hdiji)2]1/2 where Nc is the number of confor-

mations (Nc = 2,000 in this study) and dij(c) and hdiji are

the distances between atoms i and j calculated in confor-

mation c and in the mean structure respectively. The sum

extends over all conformations (c = 1 to Nc).

A 2D graphic representation of all the hdiji allows an

easy visualisation of the regions of the molecular systems

that are quasi-rigid and those that are more flexible.

DNA structure

The different conformational parameters of DNA were

analysed for the central structure of each complex using the

program CURVES (Lavery and Sklenar 1988). Time series

of the DNA curvature was further refined with MADBEND

(Strahs and Schlick 2000). For this analysis, the two base

pairs at each extremity of the DNA sequence were

excluded.

Hydrogen bonds

Hydrogen bonds (HB) analysis was performed on the

whole trajectories with the program CARNAL of the

AMBER7 package. An HB is assumed to be present

when the distance between the donor (D) and the

acceptor (A) is smaller than 3.5 Å and the angle D–H–A

is between 120� and 180�. Only HBs that are present in

more than 50% of the 2,000 stored conformations are

considered.

Binding free energy calculations

Binding free energies were calculated following the

MM-PB(GB)SA approach (Kollman et al. 2000; Srinivasan

et al. 1998) according to DGbinding = hGcomplex (i)ii -

hGprotein (i)ii - hGDNA(i)iI where h…i denotes an average

over snapshots i taken from MD trajectories and Gx(i) was

estimated from contributions of gas phase energies and

solvation free energies:

GxðiÞ ¼ Hx
gasðiÞ þ Gx

solvationðiÞ:

Hgas of the solute were calculated by summing

contributions from internal energies (including coulombic

energy, van der Waals energy as determined by a Lennard-

Jones potential and internal energy). Gx
solvation was calculated

as the sum of polar and nonpolar contributions. The polar

contribution was calculated with the Generalized Born (GB)

model as implemented in AMBER 9.

Electrostatic potential

Electrostatic potential at the surface of the pair of head-

pieces was calculated using APBS program (Baker et al.

2001; Dolinsky et al. 2004, 2007), and the graphic repre-

sentation was performed with Chimera (Pettersen et al.

2004).

Results

RMSD

The two central structures which represent respectively the

native and the damaged complexes do not present large

differences in their backbones (Fig. 2). They are separated

by an RMSD value of only 1.5 Å whereas they are sepa-

rated by an RMSD smaller than 3 Å with respect to the

experimental structure. This shows that none of the com-

plexes has diverged drastically from the experimental

structure during the 20 ns simulations. In particular the

secondary structure of the headpiece is fully conserved in

both simulations.

Fig. 2 Stereo view of the most central structures of damaged (red
and pink) and native (blue and cyan) complexes. Alignment was

performed on N, Ca, C, O and P atoms. The pair of headpieces is

represented with ribbons and DNA duplexes with tubes. Visualisation

with VMD (Humphrey et al. 1996)
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Figure 3a, b shows the evolution of the RMSD of both

complexes relative to the first conformation of their pro-

duction period. Although both curves exhibit approxi-

mately the same mean value, the fluctuations in the

damaged complex are larger indicating an increased

internal dynamics. In order to get more insight about this

observation, the RMSD evolution of each component of the

ternary complexes was examined. For the protein mole-

cules (Fig. 3e–h), no clear conclusions can be drawn as the

RMSD of each headpiece evidences several transitions

between metastable conformations.

The most drastic difference in the RMSD evolution

concerns the DNA duplex (Fig. 3c, d). Indeed average

values are 1.8 and 3.0 Å in the native and the damaged

complexes respectively. In addition structural fluctuations

are much larger when tyrosines are replaced by DOPA. The

difference in average RMSD is probably the result of

a deformation of the DNA in the early stage of the

simulation. But the increase in RMSD fluctuations evi-

dences a partial loss of interactions between DNA and the

headpieces.

Internal flexibility

Figure 4 shows 2D maps representing the average ampli-

tude of the fluctuations of each interatomic distance during

the simulations, giving a direct representation of the

internal flexibility of the complexes. It is clearly shown that

all the regions of the map corresponding to the damaged

complex (Fig. 4b) present a larger internal dynamics of the

complex. On average, interatomic distance fluctuations are

much larger than in the native complex by 46%. However,

the dynamics increase is not equally spread over the dif-

ferent regions of the complex. It ranges between 25% for

atom pairs belonging to DNA and 75% for atom pairs

belonging to monomer 2. Largest increases are observed

0

1

2

3

4

5

6

R
M

S
D

 (
Å

) a 

0

1

2

3

4

5

6

R
M

S
D

 (
Å

) c 

0

1

2

3

4

5

6

R
M

S
D

 (
Å

) e 

0

1

2

3

4

5

6

R
M

S
D

 (
Å

)

g 

Time (ns) 

0

1

2

3

4

5

6

R
M

S
D

 (
Å

) b 

0

1

2

3

4

5

6

R
M

S
D

 (
Å

) d 

0

1

2

3

4

5

6

R
M

S
D

 (
Å

) f 

0

1

2

3

4

5

6

0 5 10 15 20

0 5 10 15 20

0 5 10 15 20

0 5 10 15 20

0 5 10 15 20

0 5 10 15 20

0 5 10 15 20

0 5 10 15 20

R
M

S
D

 (
Å

)
h 

Time (ns) 

Fig. 3a–h RMSD evolution

during the 20 ns simulations

of native (left) and damaged

(right) complexes. a, b Whole

complex; c, d DNA;

e, f monomer 1;

g, h monomer 2. RMSD is

calculated over all heavy atoms

Eur Biophys J (2010) 39:1375–1384 1379

123



for distances involving at least one atom of the second

headpiece monomer.

This analysis demonstrates a decrease in interactions

between the two headpieces and the DNA fragment of the

DOPA complex.

Intermolecular hydrogen bonds

Hydrogen bonds are not detected at a significant level

between both headpiece monomers during the simulations.

On the contrary, many intermolecular HBs involving DNA

and the monomers are observed, some of them being very

stable while others are rather labile. In the case of the

native complex, 35 of these intermolecular HBs are

observed during more than 50% of the simulation time

while only 31 are detected more than 50% of the time in

the damaged complex. If we consider the most stable HBs

as those present more than 75% of the simulation time, the

difference in hydrogen-bonded interactions between both

complexes is even more evident (30 HBs for the native

complex compared to 22 for the damaged complex).

More precisely, at the level of the recognition helices

(helix 2) which are in contact with DNA, hydrogen bond

interactions are much weaker in the damaged complex. In

the native complex nine residues located on helix 2 are

linked to a nucleotide for more than 75% of the simulation

time, while in the damaged complex only five residues

belonging to helix 2 are involved in strong hydrogen-

bonded interaction with DNA.

Table 3 gives an overview of the amino acids linked to a

nucleotide by at least one H-bond for more than 50% of the

simulation time. The results clearly evidence a loss of

stability of the damaged complex.

During the simulations, DNA is observed as proton

donor for a few HBs, involving three symmetrical pairs,

G12, C13 and C15, of each DNA strand and Ala53, Tyr7/

DOPA7 and Gln18 of the headpiece monomers.

Two of these pairs [N4H42 (C13) ? OH(Tyr7) and

N4H42 (C15) ? OH(Gln18)] are already present in the

experimental structure. However, during the simulation of

the damaged complex the C13-DOPA7 HB established in

monomer 2 is unstable and disappears after a few nano-

seconds and the C15-Gln18 HB in the same monomer 2 is

formed less than 50% of the time.

For most of the intermolecular HBs, DNA is proton

acceptor. As observed in the experimental structure, 13 of

this HB type are present which implies residues Leu6,

Tyr12, Tyr47 and Asn50 with the C13 nucleotide, Gln54

with T14, Lys59 with C11 and Ser 61 with C15. Along the

trajectories, the Tyr12/DOPA12-C13 interaction is

observed less than 25% of the time. HBs involving residues

Lys59 and Ser61 are very labile as they establish succes-

sive weak interactions with different nucleotides. MD

results are in agreement with the experiments since Ser61

in only one monomer is H-connected to C15 of one DNA

strand. The other H-bonds observed in the NMR structure

are strongly maintained all along the simulation.

Finally, several other transient intermolecular DNA-

acceptor HBs appeared during the simulations, their sta-

bility being globally higher for the native complex

(Table 3).

DNA structure

The analysis with CURVES of the central structures of

DNA duplexes does not reveal major differences: helical

Fig. 4 Internal flexibility of the native (a) and damaged complexes

(b). Frames correspond to the intramolecular flexibility of the

different partners (m1, m2, DNA) of the complexes. The 2D maps

represent the amplitude of the interatomic distance fluctuations

averaged over the whole simulation time. Each point is colored

according to the average value: black \0.1 Å; dark grey between 0.1

and 0.25 Å; light grey between 0.25 and 0.50 Å; white [0.50 Å. Each

dimension of the maps represents the atom numbers
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and base orientation parameters of both complexes are

similar. However, a slight increase of about 8� of the axis

curvature is observed in the damaged complex while in the

native complex DNA curvature remains very close to that

observed in the experimental structure. A further refine-

ment of DNA parameters with MADBEND reveals a mean

increase of 14� of the axis curvature (from 59� to 73�) for

the damaged complex (Fig. 5).

Binding free energy calculation

The different components of the free energy of both

complexes have been evaluated under the frame of the

Generalized Born (GB) approximation.

Binding free energy values were averaged over 2,000

snapshots taken at 10 ps intervals from the complete tra-

jectories. Mean values of DGBTOT can be estimated to

within a standard error of 14 and 11 kcal mol-1 in the case

of the native and damaged complexes respectively

(Table 4). Calculated binding free energies obtained with

GB are -202 and -185 kcal mol-1 respectively. The free

energy of the interaction between DNA and the headpiece

pair is in favor of the native complex by 17 kcal mol-1.

This is mainly due to an increase in the electrostatic con-

tribution of the DNA-protein interaction in the damaged

complex which is not fully compensated by solvation

effects. Therefore it is expected that the damaged head-

pieces should be less attracted by DNA than the native

ones. An electrostatic effect is not surprising as the addi-

tional polar OH group in DOPA dramatically modifies the

charge repartition in the aromatic ring (see Table 2).

A representation of the electrostatic potential at the

surface of the headpiece pair given in Fig. 6 confirms this

effect. Indeed it can be seen that the contacting surface of

Table 3 Residues linked to nucleotides by at least one HB present at more than 50% of the simulation time in native and damaged complexes

Native (m1) Native (m2) Damaged (m1) Damaged (m2) Location

Leu6 ? C13(s2) Leu6 ? C13(s1) Leu6 ? C13(s2) Leu6 ? C13(s1) Helix 1

C13(s2) ? Tyr7a C13(s1) ? Tyr7 C13(s2) ? DOPA7 – Helix 1

– – – DOPA7 ? T14(s1)a Helix 1

Ser16 ? G6(s1) Ser16 ? G6(s2) Ser16 ? G6(s1) Ser16 ? G6(s2)

– Tyr17 ? G8(s2) DOPA17 ? G8(s1) DOPA17 ? G8(s2) Helix 2

– Gln18 ? G6(s2) – – Helix 2

C15(s2) ? Gln18 C15(s1) ? Gln18 C15(s2) ? Gln18 – Helix 2

Thr19 ? G6(s1) Thr19 ? G6(s2) Thr19 ? G6(s1) Thr19 ? G6(s2) Helix 2

Ser21 ? T14(s2) – – – Helix 2

Arg22 ? T5(s2) – – – Helix 2

– Arg22 ? G6(s2) Arg22 ? G6(s2)a – Helix 2

– Asn25 ? T14(s1)a – –

His29 ? T4(s1)a – – –

Val30 ? T4(s1) – – –

Ser31 ? T5(s1) Ser31 ? T5(s2) Ser31 ? T5(s1) Ser31 ? T5(s2)

Thr34 ? T5(s1) Thr34 ? T5(s2) Thr34 ? T5(s1) Thr34 ? T5(s2) Helix 3

Tyr47 ? C13(s2) Tyr47 ? C13(s1) DOPA47 ? C13(s2) DOPA47 ? C13(s1)

Asn50 ? C13(s2) Asn50 ? C13(s1) Asn50 ? C13(s2) Asn50 ? C13(s1)

G12(s2) ? Ala53 G12(s1) ? Ala53a G12(s2) ? Ala53a G12(s1) ? Ala53a Helix 4

Gln54 ? T14(s2) Gln54 ? T14(s1) Gln54 ? T14(s2) Gln54 ? T14(s1) Helix 4

Arrow goes from donor to acceptor. Headpiece monomers are named m1 and m2, and DNA strands are named s1 and s2. Underlined residues are

also present in the experimental NMR structure (1CJG)
a HB present 50–75% of the simulation time

0
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100

0 50 100 150 200

DNA curvature angle (°)

native

DOPA

Fig. 5 Histograms of the curvature angle of the DNA axis calculated

with MADBEND (Strahs and Schlick 2000) from the snapshots

collected during the simulations of the native (full line) and the

damaged (dashed line) complexes
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the headpieces with DNA is less positive in the damaged

complex than in the native one (density of blue surface is

smaller in the damaged complex).

Discussion and conclusion

The goal of the present study was to search the reasons for

the destabilisation of the repressor-operator complex due to

the loss of affinity of an irradiated repressor for the DNA

operator. Our experiments have shown that the loss of

affinity can be due at least partially to the damage of the

headpieces (Goffinont et al. 2009). Therefore and because

of calculation limitations related to the size of the entire

repressors we have chosen to study only a part of the

repressor-operator system, formed by two free headpieces

and the DNA fragment. Different chemical modifications

of the headpiece have been previously demonstrated, the

most important one being the oxidation of tyrosine residues

into DOPA. We have introduced in silico these modifica-

tions in the headpieces and followed their effects on the

structure and stability of the complex. Molecular dynamics

simulation including explicit representation of the solvent

is a powerful technique for analysing structural, dynamic

and energetic events at atomic resolution. Unfortunately it

is time consuming and the explored time scale is limited to

a few tens of nanoseconds, precluding the observation of

large structural changes, such as the disruption of the

modified complex or drastic conformational transitions into

individual molecules of the complex. However, compari-

son between simulated trajectories of native and modified

complexes is thought to bring about information on their

relative stability.

A first observation is that the overall structure of both

complexes is not submitted to modifications during the

20 ns trajectories, with the exception of a moderate

increase in the DNA bending relative to the experimental

structure in the damaged complex. A second observation is

a significant increase in the internal dynamics in this last

complex, indicative of a loss of stability of the structure.

This is evidenced by increased fluctuations of interatomic

distances and of RMSD, and is additionally explained by a

reduced intermolecular hydrogen bond network and by a

less negative binding energy. The cause of the weaker

interaction between the headpiece pair and DNA in the

damaged complex is mainly electrostatic. Therefore the

atoms in this complex are less constrained and it seems

reasonable to anticipate that their increased motions in the

Table 4 Binding free energy components of the headpiece complexes calculated from the 20 ns trajectories

Contributionc DG bindinga, native complex DG bindinga, damaged complex D(DG binding)b

Meand re Meand re Contributionc Meand

DGAS -4,300 ±225 -4,146 ±151 D(DGAS) -154

DGBSOL 4,098 ±219 3,961 ±149 D(DGBSOL) 137

DGBELE 58 ±13 88 ±12 D(DGBELE) -30

DGBTOT -202 ±14 -185 ±11 D(DGBTOT) -17

All values are in kcal mol-1

a DG binding = contribution (complex) - contribution DNA - contribution headpiece pair
b D(DG binding) = DG binding native complex - DG binding damaged complex
c GAS = coulombic energy ? van der Waals energy ? internal energy (bond, angle, torsion); GBSOL = non polar free energy ? polar

solvation free energy in the GB model; GBELE = polar solvation free energy in the GB model ? internal coulombic energy;

GBTOT = GBSOL ? GAS
d Average over 2,000 snapshots taken from the 20 ns trajectory
e Standard error

Fig. 6 View of the electrostatic

potential at the surface of the

pair of headpieces (from -5 to

?5 V): native complex (left),
damaged complex (right).
Negative, positive and neutral

potentials are coloured in red,

blue and white, respectively
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nanosecond time scale, allowing a larger conformational

exploration, could lead to much larger structural modifi-

cation including molecule separation in the microsecond or

millisecond time scales.

The observation that the atoms of monomer 2 are more

mobile than those of monomer 1 in the simulation of the

damaged complex reveals that the structure has not yet

converged. This suggests that we are in the presence of

primary events of a very slow transition (relative to the

nanosecond range) which could lead to molecule dissoci-

ation as experimentally observed (Eon et al. 2001). Once

the dissociation of the damaged complex is achieved, the

headpiece monomers could undergo structural modifica-

tions such as loss of helicity already reported based on

experimental and computational studies (Mazier et al.

2008; Spronk et al. 1999; Spronk et al. 1996).

Although other damages such as Met or His oxidations

were predicted by a radiolytic attack simulation model

(Gillard et al. 2007), our study clearly shows that the Tyr to

DOPA modifications change the properties of the head-

piece-DNA complex and thus may contribute to the

destabilisation of the repressor-operator complex. Unfor-

tunately, limiting our study to only a part of the repressor-

operator system only allows us to provide a partial answer

to the question of why irradiation abolishes repressor

binding to DNA. As mentioned, allostery plays an impor-

tant role in the binding of this protein to DNA. Binding of

an effector (IPTG) to the core of the lactose repressor hin-

ders its binding to DNA by triggering a global structural

change of the protein including the modification of the

positioning of the headpieces (Wilson et al. 2007). There-

fore, it is possible that besides the modification of the

oligomerisation state of the protein, damage to the core can

affect DNA binding also via a global structural change

(involving a change of headpiece position) by an allosteric

effect. Moreover, the lack of the core in the simulation leads

also to the freedom of the two headpieces with respect to

each other. In reality they belong to a dimer stabilised by

monomer-monomer interactions of the core regions. These

strong interactions impose constraints on the positioning of

the two headpieces. In the time span of our simulation, we

did not observe significant relative displacement of the two

headpieces, but this may occur at longer time scales. The

fact that experimentally the affinity of a pair of linked

headpieces (by an engineered Cys52-Cys52 bond) is much

higher than that of the isolated headpiece and is similar to

that of the tetrameric repressor (Kalodimos et al. 2004)

suggests that hindering the movement of the isolated

headpiece is necessary for complex stabilisation.

Protein damage is one of the multiple radiation-induced

primary events that, under the influence of the cellular

environment and after processing by cellular mechanisms,

is involved in the deleterious effects of ionising radiation in

vivo. Therefore, the results presented here give a new hint

for understanding the mechanisms underlying these effects.

Moreover, as similar protein damages result from other

environmental oxidative stresses or even from age-related

phenomena (Chakravarti and Chakravarti 2007; Davies and

Dean 1997; Petropoulos and Friguet 2006), our results may

also contribute to understanding molecular mechanisms

involved in aging and stress-related pathologies.
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