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This report describes the results of molecular dynamics (MD) simulation of deoxyribonucleic acids
(DNA) and specific repair enzyme T4 endonuclease V. Namely research described here is focused on
the examination of specific recognition process, in which this repair enzyme recognizes the damaged
site on the DNA molecule-thymine dimer (TD). TD is frequent DNA damage induced by UV radiation
in sun light and unless properly repaired it may be mutagenic or lethal for cell, and is also considered
among the major causes of skin cancer. T4 endonuclease V is a DNA specific repair enzyme from
bacteriophage T4 that catalyzes the first reaction step of TD repair pathway. MD simulations of three
molecules - native DNA dodecamer (12 base pairs), DNA of the same sequence of nucleotides as
native one but with TD, and repair enzyme T4 endonuclease V - were performed for 1 ns individually
for each molecule. Simulations were analyzed to determine the role of electrostatic interaction in the
recognition process. It is found that electrostatic energies calculated for amino acids of the enzyme
have positive values of around +15 kcal/mol. The electrostatic energy of TD site has negative value of
approximately-9 keal/mol, different from the nearly neutral value of the respective thymines site of
the native DNA. The electrostatic interaction of TD site with surrounding water environment differs
from the electrostatic interaction of other nucleotides. Differences found between TD site and respective
thymines site of native DNA indicate that the electrostatic energy is an important factor contributing
to proper recognition of TD site during scanning process in which enzyme scans the DNA. In addition
to the electrostatic energy, the important factor in recognition process might be structural
complementarity of enzyme and bent DNA with TD. There is significant kink formed around TD site,
that is not observed in native DNA.

Keywords: Molecular Dynamics, T4 Endonuclease V, Recognition Process, Electrostatic Energy

* JAERI Research Fellow



JAERI-Research 98-074

FAE ) KM EEEMAT ALY KX LT =€V
BFBHEY L alb—va

BAREF At B EE 7 —
Miroslav PINAK*®

(1998 12H 8 HXZHE)

AUR— M. FAF Y KA (DNA) LEEBEZET AV FX 7 LT —EVORTENT
YIialb—va OERERET S, CITHRNEDIE. DNABEBEDVESTHAF IV FA
v—%2DNABEBEIESTIBRBICEH LEAETH S, F3I U917 —d. KBLicbEZE
NBEABIC L - THEICAE L ADNAIRBTH 3. SHAEESNSIFNE, FROERERD
BEABE, KEEORKICHHEEEZ ONTWS, T4 KX ZVLT7—EVIR, N7 F U4
77T A4HEDODNABERETHD., FI 0541 —DEEBRRICE I IHNORIEAE
Vo BFENFEY I 2b—vavid. BEDKVILEEFDODNA, BEDVIES EEERINIZ
BUENRF I FL<w—DHBDNA, BEBETLII U RXIUT—EV. D3 2D4FICDO0
TEFNFN1F /8 (s) 2T o10 TNHDY I alb— 3 VERIT. FHBRIChIT 3HE
TEROBRENEFARBLICDICEIT SN, COHR, BEOT I/ BOBELRILF—1E. F+15
kcal/molDIEDETH A Ehbh ot FIUFA<T—DHBOHEIRNLF—13H—9
kcal/mol TH Y. BHEDITOVDNADF I VO TOHBELRILF—TPHERLIcD &1
Rigotc, TOEVEG, HELRNLF -, BEMENDNAZ I+ + v § 5 @ICE W TERIC
FIVIAT—%RBTHIDOERERETTHEIEARBLTVWS, X6, BEEFI VS
4 <7—D&%5DNADEENTEHFE L. RBBREOFELEFICMAONEIEAD, FI 54
<T—DHBEDNAKIR. FIVIMT—DERTR-ED ELLBEADPRSNID, THIZEFED
KODNAIRRRONEN -1 HDTH 5,

BARET WA (BUGEE) - T319- 1195 FWEIESENEAER 2 — 4
s RPFVY—FT co—



JAERI-Research 98-074

Contents

3.1 Structural ANALYSIS ......cccciiiiiiieeeeeree ettt et et e eeeenee et e e e rsnteeeanes 9
3.2 Analysis of Electrostatic BNerZy ..ot e et e e e e e 11
4. COMCIUSION - uteivutirirerieeerrersrt st s eireessestbesebesestsessseasseesseeseensseenessneesseesntessseesstssasesenseeneseessessssssseeeses 14

RETEBTEIICES ..vvvvieiiiiiiiieiciiiee ettt ettt eect e e e st et s eet e eeeesanereesaassaeeasssssaesseasnnseseensenseesseeneesseos 16

1L HEREN

2. WA

2.1 F8HFEVIalb—Vay
2.2 FtEA®*

3 HRELER

3.1 HEER

= - U

O 00 W W W



This is a blank page.




JAERI-Research 98-074

1. Introduction

The continuity of life depends upon the successful repair of damages
caused by environmental radiation to deoxyribonucleic acid (DNA) /1/. This
radiation, ranging from cosmic rays to ultraviolet light (UV), could lead to
variety of damages in DNA. Several types of damages may prevent accurate
replication or transcription during cell proliferation and can potentially be
mutagenic or lethal for the cell. The major damage produced by UV in DNA
are cyclobuthane pyrimidine photodimers /2,3/. Many studies indicate, that the
photolesion - thymine dimer (TD) - induced in DNA by UV in sunlight are
among major cases of skin cancer /4/. Thymine dimer is formed as a covalently
bonded complex of two adjacent thymines on the single strand of DNA. This
damage is very frequent but almost 90% of TDs are repaired within short time,
order of minutes, and only few are experimentally observable and originate
future changes on cell level.

In the study of biochemical defense against UV induced DNA
damages the resistance of bacteriophage T4 suggested that a specific
molecular mechanism might be responsible for this property. The observed
resistance was attributed to the specific repair enzyme - T4 endonuclease V.
T4 endonuclease V is a DNA repair enzyme from bacteriophage T4 that
catalyzes the first reaction step of TD excision repair pathway. This repair
pathway consists of the following steps:

1. binding to DNA molecule non-specifically;

2. scanning the DNA surface;
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3. recognizing of TD damaged site on DNA strand;
4. and finally scission of glycosyl bond at C5' side and incision of
phosphodiester bond at C3' position of TD (Fig.1).

This way the damaged pért of DNA is removed from the strand and resulting
gap is filled by repair synthesis.

Recently, a high resolution X-ray crystal structure of the repair enzyme
T4 endonuclease V has been reported /5/. The surface of the enzyme is
concave which may be an essential structural feature in order to form a close
contact with the bent structure of DNA near TD. The concave area is populated
by monthly positively charged amino acids which indicate that the electrostatic
interaction between enzyme surface and DNA may play a significant role in
either non-specific or specific binding. Among these amino acids there is
Glutamin 23 (Glu23), which has been shown in mutagenic studies as playing
an important role in the repair enzymatic activity /6/. The speed of the
recognition and entire repair processes, and small size of molecules make it
difficult to study them by experimental techniques. On the other hand the
computational simulations are useful tools to get detail insight into this
important process at the level of cell nucleus. Reported X-ray crystal structure
of the enzyme enables molecular dynamics study of the recognition process
by which enzyme recognizes the TD damaged site on DNA. The significance
of structural features of enzyme as well DNA molecule, in addition to the role

of electrostatic energy is discussed in this paper.
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2. Materials and Methods
2.1 Molecular Dynamics Simulation

Molecular Dynamics (MD) simulation is a simulation technique that
yields static and dynamic properties of a molecular system. The behavior of a
system is simulated by solving Newton's equation of motion for each atom in
the system. Solving of these equations produces new atomic coordinates,
which can be used to calculate a new set of forces. This procedure is
repeated many times and a trajectory of each atom is obtained that describes
in detail the behavior of the system as a function of time. In solving Newton's
equations the knowledge of acting forces is required. These forces are
obtained as the derivatives of potential energy, which describes also
interactions among atoms. It consists of several terms as hydrogen bonding,
electrostatic interactions, energetic cost of structural changes, etc.

In order to perform MD simulations, a simulated system is created as
consisting of a solute molecule (e.g. DNA, enzyme, etc.) immersed in a few
thousands water molecules ensuring proper solvation of the solute molecule.
All atoms are placed in a simulation cell and periodic boundary conditions are
applied in most cases to eliminate undesirable surface effects. In this
approach a three-dimensional array of cell is formed replicating the original
simulation cell, forming an infinite structure whose single unit is a simulated

system.

2.2 Computational Details
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MD simulations of the three systems were performed for 1 ns. The
following molecules were the solute molecules of the respective system:

1. native DNA dodecamer of the sequence d(TCGCGTTGCGCT),;

2. DNA dodecamer with TD; the central TT (T6 and T7) part of native
dodecamer was replaced by the TD; DNA sequence
d(TCGCG'TD'GCGCT),;

3. repair enzyme T4 endonuclease V.

The MD software AMBER 5.0 /7/ was used for simulations and for
calculation of electrostatic force fields. Each system was treated individually
and independently from each other, and the same simulation protocol was
used in each simulation. The initial structure of the enzyme was that of the
crystal structure and the crystallographic coordinates were taken from the
Nucleic Acid Database Project /8/. No crystal water molecules were included
in further MD simulation and an extensive equilibration period was performed
to ensure the stability of the enzyme molecule. The initial structure of native
DNA dodecamer d(TCGCGTTGCGCT), were used as an idealized B-DNA
molecule generated by program NUCGEN (part of AMBER 5.0 program
package). For the simulation of lesioned DNA, the two thymines at the
positions 6 and 7 were replaced by cis.sin cyclobuthane thymine dimer.

Formation of thymine dimer

TD was formed in the process of preliminary minimization of the
hydrated dodecamer. In the first step of minimization the positions of
surrounding water molecules were optimized with atoms of DNA fixed. This

first step was followed by the 2" and 3 minimization. During 2" minimization
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the atom-atom distance restraints between C(5)-C(5) and C(6)-C(6) atoms of

thymines at positions 6 and 7 (T6 and T7) were applied as 3 and 2 A

respectively. These restraint were removed at the final 3" stage of

minimization and the covalent bonds C(5)-C(5) and C(6)-C(6) were formed
creating TD molecule.

Molecular Dynamics Protocol

The preparation of systems for MD simulations consisted of séveral
steps:

1. Solvating the solute molecules, i.e. immersing the respective solute
molecules into the water box consisting of several thousands water
molecules. The final systems have around 20,000 atoms each.

2. Neutralizing the negative charges of DNA phosphates by sodium
counterions to assure the neutral total charge of the system. The sodium
ions were placed at the initial positions bisecting the P-O-P angle at the
distance of 5 A from the phosphorus atom. In the following MD simulation
no restraint on the position of sodium atoms was applied.

3. Minimizing the potential energy of each system. The potential energy of
system upon its formation is not at minimal value as water is placed around
solute molecule without considering optimal energetic criteria. Some water
molecules may be very close to solute atoms, that may cause unfavorable
artificial changes in its structure (bending, repulsion, formation of hydrogen
bonds, etc.) during the following MD process. The potential energy of each
system was minimized in two parts. In the first part the geometry of the

solute was kept frozen and only surrounding water molecules were
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allowed to move. When water molecules arranged itself around the solute,
the second minimization was performed, that included all atoms.

4. Heating up to 300 K; the temperature upon the formation of the systemis 0 |
K, i.e. the atoms have no velocities. In the beginning of the heating the
velocities were assigned from the Maxwell-BoItzman distribution at 30 K.
The heating was performed in 10 subsequent 30 K steps, avoiding large
temperature gradient that might result in breakage of some bonds. Each 30
K step represented 1 ps of MD simulation.

5. Adjusting of saturated density; upon the formation of the system there may
be holes and spots with high concentration of atoms in the surrounding
water that are caused by the fixed size of the system box. In this step the
box sizes were released and the density of system stabilized at the
saturated level during 10 ps of MD simulation. The final box sizes were
then fixed and the density was kept at the constant value during the entire
MD simulation.

After these preparatory steps the MD simulations of each system were

performed for 1 ns. All simulations were performed on AP 3000 parallel

supercomputer and some preparatory steps were performed on SGI Silicon

Graphics computer. One ps of MD required around 3 hours of CPU time on AP

3000.

Force Field and Calculation of Electrostatic Energy
Atomic charges, van der Waals, hydrogen bonds, angles and other
atomic parameters were taken from AMBER 5.0 all-atom force field /7/. The

atomic charges of TD were taken as those calculated by Miaskiewicz at al. /9/.
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Potential energy function in AMBER 5.0 is calculated as contribution from bond,
single angle, torsional, improper dihedral, van der Waals, hydrogen bonding,

electrostatic and constraint functions:

Epotential = zKr(r— req )2 + ZKG (9 _eeq )2 +

bonds angles

V
> 27"[1+cos(n¢—y)]+
dihedrals n

1 atoms atoms

VDW,

scale j=1 i>f ij ry

;[(5‘@” -(ﬁm
d d Eq. 1

Hbonds Hbonds C D
( 1'2' - lg )+
=t Ty Ty

1 atoms atoms

a9,

EELscale j=1 i>j Erij
ZKconstr(x_xo)2+ ZKcap(y_ Yo )2

constr. cap atoms

Here r, 6 and ¢ and are bond lengths, planar angles, and dihedral angles,
respectively; r, ., and 6,, are their equilibrium values; n is periodicity of dihedral
potential function and yis the phase; r; is the distance between atoms i and j;

K

cap’

g; is the partial charge on atom i; g; is dielectric constant; K

constr

Ky V., R,
C,and D, are empirical parameters depending on atom types. The point
charges g,and g;in calculation of electrostatic function (sixth term in Eq. 1) are
centered an each atom and are derived by fitting to a quantum mechanical
electrostatic potential /10/. In our MD simulation the constant dielectric function

was used, 1-4 electrostatic interactions were scaled by factor 1.2

(recommended value for Amber 5.0 force field) and Particle Mesh Ewald Sum
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technique was used as implemented in Amber 5.0 /7, 11/.

Using Ewald Sum method the electrostatic energy was calculated for infinite
volume of repeating units through periodic boundary conditions. Ewald sum
method is computational technique for calculating long range electrostatic
interactions which are often neglected while using a finite non-bonded cutoff in
MD simulations. In the Ewald sum method, a Gaussian charge distribution of
opposite sign is superimposed upon the original point charges, producing a
screened charge distribution. The electrostatic interaction between the
screened charges are short ranged. The original distribution is recovered by
adding a second Gaussian charge distribution identical to the first, but of
opposite sign. The interaction between these canceling distributions is
calculated in reciprocal space. The total electrostatic interaction is then
calculated as:

E E

real

+E Eq. 2

total —

reciprocal - Eself - Eexcl
Eeay is the screened interaction and E ;. is due to the canceling Gaussian
charge distribution. E ., corrects for the interactions of the canceling charge
distribution with itself. E ., corrects for the interactions of the canceling charge
distribution between an atom and all excluded atoms (i.e. atoms that are linked

through a bond, angle or torsion to an atom).

3. Results and Discussion
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3.1. Structural Analysis

It is expected that each solute molecule undergoes structural changes
in the process of MD. The dynamic properties of the molecule, such a
differential flexibility of different parts (nucleotides, amino acids,
phosphodiester bonds, etc.) can be determined and analyzed from the
trajectory of MD simulation. Calculation of the respective root mean square
deviations (r.m.s.d.) of all solute atoms (except hydrogen ones) from the
original positions in the beginning of MD may suggest which conformational
changes of solute molecules were undergoing.

R.m.s.d. of the T4 endonuclease V doesn't show stabile period up to
280 ps and is steadily increasing. After 280 ps it stabilizes and remains stabile
throughout the following MD up to performed 1 ns (Fig.2a)). Similar situation is
in the case of native DNA, its rm.s.d. increases during the first 200 ps, and

then largely oscillates up to 400 ps. After 400 ps oscillations become smaller

(+0.5 A) showing that DNA structure keeps stabile (Fig.2b)). Rm.s.d. of DNA

with TD shows smaller oscillations than those observed in native DNA, except
the period between 400 and 600 ps (Fig.2c)). In this period there is sharp
increase in rm.s.d. reflecting the movement of edge residues. After 600 ps
these residues return to the original positions and resume corresponding
hydrogen bonding. There was no restraint applied on nucleotides during
simulation and similar motion of edge nucleotides was observed in our
previous MD simulations /e.g. 12/. With aim to investigate the changes in

backbone structure and clarify in which extend each nucleotide contributes to
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the total rm.s.d., the calculation of rm.s.d. for each nucleotide was performed.
Itis found, that the r.m.s.d. of all nucleotides, except TD site, have comparable
rm.s.d. and contribute equally to the total rm.s.d. The only significant A
difference is observed between rm.sd. of TD site and rmsd. of
corresponding thymine region (T6- T7) on the native DNA (Fig.3). TD site is
more stabile and its rm.s.d. doesn't have large oscillations comparing with
those of T6-T7 site on native DNA. The potential energy of all systems
stabilized quickly and remained stabile throughout the entire simulation (Fig.4).
Temperature of each systeh was oscillating around the average value of 300
K (Fig.5).

Analyzing the structure of enzyme throughout the entire MD simulation,
it is found that the molecule itself didn't undergo significant changes. Fig.6
shows how each solute molecule was developing during the process of MD
simulation. Comparing the structure after "constant pressure" MD (referred as
"cp") and the final structure at 1 ns it is seen, that enzyme slightly changes its
position and rotates inside the entire system box. The structure of the enzyme
itself remains stabile. Observed stability of enzyme molecule may be an
important factor for its alignment with DNA during scanning process,
recoghition of TD lesion and consequent binding into DNA. The
crystallographic study combined with mutational analyses revealed that the
carboxyl side chain of Glu-23 plays a crucial role in the cleavage of N-glycosyi
bond in DNA /13, 14/. Glu-23, as part of estimated catalytic site (Glu-23, Thr-2,
Arg-22 and Arg-26) is located at the center of the concave surface of enzyme

that may be exposed to TD site of the DNA during scanning process (Fig.7).
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Examining the structures of both DNA molecules in the same moments of MD
simulation as enzyme ones it is found that the double helical structure and
hydrogen bonding are kept for both DNA molecules except the edge
nucleotides (Fig.6). DNA molecule with TD has sharp bending around the TD
site formed approximately after 200 ps of MD, comparing with bending around
T6-T7 site of native DNA. This bending is originated by two covalent bonds
C(5)-C(5) and C(6)-C(6) between the adjacent thymine basis forming TD (see
Fig.1). These two bonds also contribute to the decreased mobility of TD site
that is seen on Fig.3. Observed bending also originates the formation of the
DNA shape which is complementary to the shape of enzyme. This result is in
agreement with crystallographic study of DNA-enzyme complex, in which the
crystal structure of DNA in complex is strongly kinked at the TD site and the

catalytic site of the enzyme creates possible contacts with TD /15/.

3.2. Analysis of Electrostatic Energy

The electrostatic energy of individual parts of enzyme and DNA
molecules was calculated as a contribution to the total potential energy of the
system, in order to examine its possible role in recognition process.

The electrostatic energy of the accessible surface of the enzyme
indicates the obviously biased positive energy distribution and itis assumed to
participate in recognition of TD site and consequent binding to DNA. The
electrostatic energy is calculated individually for each amino acid of the
enzyme and it has positive value oscillating around +10 kcal/mol with 12

arginine amino acids having significantly negative value (around -50 kcal/mol)
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(Figs.8a) and 9). Focusing on the enzyme site participating on the catalytic

process - Glu-23, Thr-2, Arg-22 and Arg-26, it is found that amino acid Glu-23

has the electrostatic energy of positive value of +12.19+0.56 kcal/mol

calculated as an average value over the r.m.s.d. stabile period of MD. Looking
at the value of electrostatic energy of amino acids located at the surface
surrounding catalytic site, there are several other amino acids having the
electrostatic energy of the positive values similar to that one of Glu-23
(Fig.8b)).

The electrostatic energy was also calculated for nucleotides of both
DNA molecules. Fig.10a) shows the distribution of the electrostatic energy
calculated for each nucleotide of native DNA. It can be seen that cytosine
nucleotides have negative values around -45 kcal/mol, guanine nucleotides
around -37 kcal/mol, adenine nucleotides around -14 kcal/mol and thymine

nucleotides nearly neutral value of approximately +0.6 kcal/mol. Thymine

nucleotides at the positions 6 and 7 have values of +0.64+0.72 and

+0.61+0.67 kcal/mol, respectively (average values calculated over the rm.s.d.

stabile intervals). Performing the same calculation of electrostatic energy for
DNA with TD, it is found, that all nucleotides have the same values of

electrostatic energy within their respective rm.s.d. as those of native DNA,

except TD site. This has the negative value of -9.23+0.64 kcal/mol calculated

as an average value over the stabile period 240-400 ps of MD (Fig.10b)).
Figs.11a) and 11b) display in color the electrostatic energy of nucleotides of

both DNA molecules.
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In scanning process, the electrostatic interaction between the TD site
and surrounding environment in cell nucleus (including enzyme) may become
important. With aim to clarify the differences among these interactions, the
electrostatic interaction between each nucleotide of DNA and surrounding
water was calculated. Electrostatic interaction was calculated as an interaction
between two groups of atoms (respective nucleotide as 1°' group and water
molecules as 2" group). Such a calculation is a simplification in certain evxtent,
as it doesn't include real interaction between DNA and enzyme. In MD
simulation the Particle Mesh Ewald Sum technique was used, which doesn't
introduce any cut-off distance for electrostatic interactions, therefore the
calculated electrostatic energy represents the interaction between individual
nucleotide and all surrounding water molecules in the box. Absolute value of
difference in electrostatic interaction between respective nucleotides of native
DNA and DNA with TD is shown on Fig.12. It can be seen, that there is
- significant difference in electrostatic interaction with surrounding water
molecules between TD site and respective thymines site (T6 and T7) in the
native DNA.

These results lead to a suggestion that the electrostatic energy of TD
site on the DNA may be an important factor in recognition of this site by repair
enzyme. It is not clear in which extend the electrostatic energy contributes to
the proper orientation of eniyme molecule with respect to DNA molecule
~ ensuring that catalytic site of enzyme is exposed to TD site on DNA. Also the
occurrence of amino acids having similar positive value of electrostatic energy

in the vicinity of catalytic site, (Fig.8b)), suggests the idea, that the electrostatic
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energy is not the only factor in recognition process and other factors are
needed to properly recognize lesion site and consequently bind to DNA.
Among other important factors are structural complementarity of DNA and
enzyme, and specific structural aberrations at the TD site /16,17/. The structure
of the enzyme itself and its alignment with DNA in such a way as to allow
electrostatic contact with active amino acids is also of great importance. This
could be clarified in MD simulation of DNA molecule containing TD in complex
with T4 endonuclease V which, up to our knowledge, has not been reported

yet.

4, Conclusion

In this study we try to identify the structural changes and energy
properties that are observed after formation of thymine dimer in DNA molecule
and to compare them with those observed in native DNA. In addition to DNA
molecules there is studied the thymine dimer repairing specific enzyme T4
endonuclease V. These three molecules are explored by using molecular
dynamics simulation - technique that allows to derive the mechanical and
energetically properties in the time scale. It has been found that the DNA
moleéule with TD forms a sharp kink around the TD site that is different from
the bending of native DNA. This kink originates shape of DNA molecule that is
complementary to the concave shape of repair enzyme. This structural
complementarity is important in binding of enzyme to DNA. The calculation of
electrostatic energy of individual structural parts of each molecule shows that

the TD site has negative value of around -9 kcal/mol and that most amino
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acids of surface of the enzyme have positive value between +5 and +15
kcal/mol. The negative electrostatic energy of TD is specific for this site and
differs from the electrostatic energy of respective native thymine site that
shows nearly neutral value. In addition, there is also difference among
electrostatic interactions of individual DNA nucleotides with surrounding water,
namely between thymine and thymine dimer site. These two factors - structural
complementarity and specific electrostatic energy of TD site - play an important
role in proper recognition of damaged site on DNA molecule by repair

enzyme.
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Fig.1

Thymine dimer formed by covalent bonds C(5)-C(5) and C(6)-C(6) between
respective carbon atoms of thymines. C5’ and C3'’ are atoms of DNA backbone

of which the bonds are cleaved during the enzymatic repair process.
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Fig.2

R.m.s.d. of T4 endonuclease V (a)), native DNA (b)) and DNA with TD (c)). T4
endonuclease V stabilizes after 280 ps and remains stabile up to 1 ns. Rm.s.d.
of native DNA rises quickly during first 100 ps, oscillates largely between 200
and 400 ps and then oscillations become smaller. Rm.s.d. of DNA with TD
shows smaller oscillations than those of native DNA, except the period
between 400 and 600 ps. Increase of r.m.s.d. in this period is attributed to the
movement of edge residue.
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R.m.s.d. of TD site and two thymine nucleotides T6 and T7 of the native DNA.
TD site is more stabile and its r.m.s.d. doesn't have large oscillations as those

of T6é and T7.
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Fig.4

Trajectory of potential energy of each solute molecule during 1 ns of MD.
Potential energy was minimized in the preparatory minimization prior the
entire MD (graphs not shown). After the energy reached minimal value during
minimization, it remained stabile throughout the following MD.

a) - T4 endonuclease V

b) - native DNA

c) - DNA with TD
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Trajectory of temperature of each solute molecule during 1 ns of MD. System
were heated up to 300 K from original 0 K during preparatory heating MD (10
ps, graphs not shown). After each system reached 300 K, the temperature was
kept stabile and oscillates around the average value of 300 K (+0.5 K).

a) - T4 endonuclease V

b) - native DNA

c) - DNA with TD
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Fig.6

Snapshots of solute molecules during 1 ns of MD. A “cp” marks the structure
after constant pressure run, i.e. after heating and after stabilization of saturated
density. Arrows mark the position of catalytic site on enzyme surface and the

position of thymine dimer, respectively.
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Fig.7

Catalytic site of T4 endonuclease V - Glu-23, Thr-2, Arg-22 and Arg-26. These

amino acids are located at the central part of concave surface of enzyme that

may be exposed to TD site during scanning process.
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Fig.8

a) Electrostatic energy of amino acids of enzyme. The energy of most amino
acids has positive value between +5 and +15 kcal/mol. The negative values
around -50 kcal/mol are those of arginines. (average values calculated over
stabile interval 280 - 1000 ps of r.m.s.d., error bars not shown)

b) Electrostatic energy of amino acids located at the surface of the enzyme
close to the catalytic site. Amino acids of catalytic site (Glu-23, Thr-2, Arg-22

and Arg-26) are within open rectangular.
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Fig.9

Electrostatic energy of aminoacids on the enzyme surface. All amino acids at
the surface have positive electrostatic energy, except arginines (black). The
structure of molecule is the one at 400 ps. The value of electrostatic energy is

colored equally for each atom of single amino acid and represents its average

value as shown on Fig.8a).



This is a blank page.




JAERI-Research 98-074

a) rTTTTT I T

16, T?

electrostatic energy [kcal/mol]

r|||| Illl]llllljlllllllllllll

-20
30 |
40 £
_50" vl cla by N ety
— N O A
PN 2FYEeLrTERPe 22225889
>;3;:II:;§;>3<'—<§"”‘” £ S &
2 > w
goooohhoooogooogoﬂggagag
<t = <% —
1st strand 2nd strand
b) 10 T ' .
S 0F _—
£ - .
g : | ]
X -10 |- | —
o R ik N
o - p
s N -
c -20 —
[ - .
L C ]
= r ]
- -30 —
(o] o .
= o d
5 g :
° -40 |- i
-50 Lo [ P .W.J,i,j. Poda it .i.v.'
T o« <« 0 © » @ T » - ¥ VW © N ® O O T N D
e & 2 R 0 2 2z s b EIC I SNy N9y
FE3ES3PSESE 2SS e Mue S8 SQ
£ OB 00 cogoggooaoggogowg
<t > <t —>
1st strand 2nd strand

Fig.10

Electrostatic energy of nucleotides of DNA molecules. The values of edge
nucleotides are not shown as they are affected by their specific positions.
(average values calculated over respective stabile intervals of rm.s.d.)

a) - native DNA; thymine nucleotides T6 and T7 at the central part of DNA have
nearly neutral values around +0.6 kcal/mol (marked by open circle).

b) - DNA with TD; TD site has negative value of -9.23+0.64 kcal/mol (marked

by open circle).
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Fig.11

Electrostatic energy of nucleotides of DNA molecules. The structures of
molecules are those at 400 ps. The value of electrostatic energy is colored
equally for each atom of single nucleotide and represents its average value as

shown on Fig.10.

a) - native DNA; nearly neutral value of T6 and T7 nucleotides (white)

b) - DNA with TD; negative value of TD site = -9 kcal/mol (green)
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Fig.12

Absolute value of difference between electrostatic interactions of respective
nucleotides (native DNA and DNA with TD) with surrounding water. The
significant difference is found between TD site and T6 and T7 nucleotides of

the native DNA.
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