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The workshop "Proceedings of the Workshop: Recognition of DNA Damage as
Onset of Successful Repair: Computational and Experimental Approaches" was held at The
Tokai Research Establishment, Japan Atomic Energy Research Institute, on the 18 th and I 9th

of December 2001. The Laboratory of Radiation Risk Analysis of JAERI organized the
workshop. The main subject of the workshop was the DNA damage and its repair. Presented
works described the leading experimental as well computational approaches, focusing mainly
on the formation of DNA damage, its proliferation, enzymatic recognition and repair, and
finally imaging and detection of lesions on a DNA molecule. The symposium consisted of 10
invited lectures, 2 regular lectures, 10 poster papers and panel discussion. The 60 participants
attended the workshop. The proceeding compiles of the invited, regular and several poster
papers. For the rest of presentations abstracts are shown instead.
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1. Opening Address

Shohei KATO

Head of The Radiation Risk Analysis Laboratory, Department of Health Physics, JAERI

Ladies and gentlemen!

It is my great pleasure to welcome you all to participate in this workshop despite your

surely very busy time at the end of the year. Large number of participants here, despite the very

ific subject like Recognition of DNA Damage as Onset of Successful Repair:

Computational and Experimental Approaches", have made me to realize the existing reality as is

an expansion of research field and its large scientific potential.

The Department of Health Physics of the Japan Atomic Energy Research Institute has

contributed to the field of radiation protection and safety as a frontier research center this

field in Japan. The radiation protection itself is an interdisciplinary field consisting of radiation

physics, radiation biology and many others. Nowadays, one of the very important problems in

the field of radiation protection is to clarify a relationship btween radiation effects and an

exposure dose, especially at low dose regions. This relationship is mainly based on the results of

epidemiological studies on Hiroshima - Nagasaki atomic bomb survivors. However, there is an

essential limit to make clear the relationship at low dose using epidemiological studies. One of

the alternative approaches to solve the problem is to clarify biological mechanisms of radiation

effects. As an example, in the United States there is a big research program" Low dose

Radiation Research Program" being originated for this purpose. In the Department of Health

Physics, we have begun a research on the mechanisms of radiation effects using combination of

molecular and computational scientific methodologies. This research subject shall serve as a

tool for radiation risk assessment.

We are aware that results obtained from a computational methodology have scientific

meaning only if biological evidences support them. On the other hand, recent capabilities of the

computational methods give us an opportunity to predict biological phenomena that have been

difficult to discover using existing biological methodologies.

I would like to express my belief that discussions on a theme "Repair mechanisms of

DNA damages" among experts in the fields of computer science and molecular biology will

highlight many interesting and challenging suggestions for yours as well our future research

activities.

Ladies and gentleman, once again I would like to express our thanks for your

participation.
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2. Program of the Workshop

Tuesday (December 18)

10:00 Opening

10:00-10:15 Welcome talks (S. Kato, M. Pinak)

Radiation interaction with DNA and its environment

chairs: K. Saito, R. Watanabe

10:15-10:50 Yosuke Katsumura (The University of Tokyo)

LI Radiation induced intra-track reactions in aqueous solutions.

10:50-11:25 Kazuo Sakai (Low Dose Rad. Res. Center)

L2 From DNA Damage to Cancer: So Many Steps.

11:25-12:00 Akinari Yokoya (SPring 8, JAERI)

L3 The effect of hydration on the radiation-induction of DNA base

damages processed by base excision repair enzymes.

12:00-13:30 Lunch

Detection of DNA mutations chair: S. Saigusa

13:30-14:05 Mieko Kodaira (RERF, Hiroshima)

L4 Detection and molecular analysis of mutations in germ cells.

14:05-14:25 Teruhisa TSUZUKI (Kyushu University)

L5 In vivo mutation analyses of mice lacking MTHI a protein

responsible for eliminating mutagenic nucleotides caused by

oxygen radicals.

14:25-14:40 Coffee break

Structural Biology Computing chair: S. Fujiwara

14:40-15:15 Kosuke Morikawa (BERI, Osaka)

L6 Structural view of mismatch base-pair recognition by a DNA

repair protein.

15:15-15:50 Nobuo Niimura (JAERI)

L7 The hydration structure of DNA and proteins.

15:50-16:25 Miroslav Pinak (JAERI)

L8 Bio-simulation and its contribution to the research in radiation

carcinogenesis.

16:25-16:40 Coffee break

16:40-17:40 Poster session

2
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Wednesday (December 19)

DNA damage Enzymatic Repair chair: A. Kitao

9:00-9:35 Akira Yasui johoku University)

L9 Proteins for recognition and repair of UV and oxidative DNA

damage.

9:35-10:10 Kunihiro Kuwajima (The University of Tokyo)

LIO Molecular Mechanism of Protein Folding.

10:10-10:25 Coffee break

DNA imaging chair: H. Kaburaki

10:25-11:00 Tornoji Kawai (Osaka University)

L11 High resolution imaging of DNA by Scanning Probe Microscope.

11:00-11:20 Kuniaki Amemiya (The University of Tokyo)

L12 High-resolution alpha-autoradiography at subcellular scale using

CR-39 plastics with AFM readout.

11:20-12-20 Panel discussion chair Dr. N. Niimura

12:20-12:30 Closing

3
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4.1 Radiation induced intra-track reactions in aqueous solutions

Yosuke Katsumura

Nuclear Engineering Research Laboratory, School of Engineering, The University of Tokyo
2-22 Shirakata Shirane, Tokaimura, lbaraki, 319-1188, Japan

katsu�q.t.u-tokyo.acJp, TEL: 81-29-287-8430, FAX: 81-29-287-8488

Abstract

Radiation chemistry of aqueous solutions is inevitably important not only in physics and chemistry but

also in biology and medicine. More than five decades much effort has been paid to clarify the

elementary processes induced by irradiation. Then, pulse radiolysis study in the time scale of

picosecond is now available. In addition, radiation chemistry studies with high LET radiation have

been actively investigated. Furthermore, radiolysis study of aqueous solution at high temperatures and

even in supercritical water is under progress. In the present lecture, experimental results on the

radiolysis of water in ps time scale and LET effect obtained at Nuclear Engineering Research

Laboratory (NERL), the University of Tokyo, will be presented relevant to the theoretical calculation.

1. Ultra-fast pulse radiolysis system constructed at NERL

The pulse radiolysis technique has been developed in early 1960s after the advancement of

linear accelerators and, in 1962, Hart and Boag, and Keene discovered hydrated electron

independently by pulse radiolysis with time resolution of microsecond 11, 21. Since then, many

attempts have been made to achieve the higher time resolution for the clarification of radiation-

induced elementary processes.

At NERL, the University of Tokyo, a project for the construction of higher time-resolved

pulse radiolysis system with picosecond time resolution started in 1999. The system is composed of a

ferntosecond laser and a photocathode rf gun 3 Similar ps pulse radiolysis systems have been

constructed at Brookhaven National Laboratory (BNL) 41, Osaka University [51 and Sumitomo

Heavy Industries (SHI) 61, and are under construction at University of Paris-Sud 71 and Waseda

University [8]. Furthermore, a quite different system using laser plasma is also under construction 9].

9 
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Ultra-fast pulse radiolysis system Fs

The new pulse radiolysis system is ACC

composed of two parts, synchronization catho& R Mesa

7bermlo=

system and measurement system, as shown in am 35MCVLiw

Fig. 1 'Me 18 MeV S-band linac and the O" I" SY- n* I

TW Ti:Sapphire laser system are used for

pump and probe, respectively. The 19

Ti:Sapphire laser provides 100 fs (FWHM),

30 mJ/pulse and wavelength of 795 nm pulses. Figure Schematic diagram of synchronization system
for stroboscopic pulse radiolysis. ACC: accelerating tube;

The laser pulse is split into two (50150); one is SHB: sub-harmonic buncher; THG: third harmonics

used for injection pulse into the laser generator.

photocathode rf-gun and the other is used for analyzing light. 'Me injection pulse can be made via

pulse compression (duration from 200 ps to 100 fs (FWHM)), third harmonic generation (wavelength

from 795 nm to 265 nm) and stretch by silica grass (duration from 100 fs to 6 ps (FWHM)). Present

specifications of the electron beam are as follows: pulse duration around ps (FWHM), charge

quantity more than 2 nC, normalized

GRBemittance around 20 nmmmrad (s),

energy spread around I % (FWHM). The Befterwor

chicane-type magnetic compressor has n
= =M.*.- a I

also been installed at the 18 MeV linac, it shuners

--o- Electron be= wW
enables the energy-modulated electron Cherenkov Ught

--4. L4M

beam to be compressed to less than Ps of Elecirk
MeV Mae Signal

(FWHM) [10].

The linac and the laser are
Figure 2 Schematic diagram of the measurement system for

triggered by several devices as shown in Fig. stroboscopic ulse radiolvsis.

1. Basic clock provided by the master oscillator is 119MHz. 2/3-fold divided 79.33 MHz) and 24-fold

multiplied f 2856 MHz) are provided to the timing stabilizer at 03 TW laser and 15 MW klystron,

respectively. Total system is working at 10 Hz.

Measurement system is shown in Fig. 2 The optical delay stage is employed for changing

time difference between the electron beam and the analyzing light. Intensity of the analyzing light is

- 10 
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obtained as a relative one that is the intensity ratio (I IO) of the absorbed light ) to the reference light

(IO) which are acquired by the two PIN photodiodes (PD1 for Io, PD2 for I), the oscilloscope, and the

computer. Details and performance of the system will be published elsewhere [10].

Picosecond yield of hydrated electron

The G-value of the hydrated electron in picosecond time range is still controversial. At early

1970s it was measured to be 40 but later 1970s it was changed to be 48. By using the new system the

yield of�the hydrated electron has been determined as a preliminary experiment and the result is shown

in Fig. 3 together with reported values. The yield is decreasing with time and it levels off at Rs. This

reduction is due to the intra-spur reactions. It has established the hydrated electron yield of 28 at 100

ns. On the contrary, it is clear that the measured value (around 40-4.2) is smaller than the established

value of 46-4.8 [111, which is consistent with recent measurement by ANL group 12].

Ile evaluation of the behavior of the hydrated electron with time is essential not only for the

experimental determination but also for the subject of theoretical calculation. In 1960s spur diffusion

kinetic model has been applied, where

0 Mdhodl(Tokyo)the initial distribution of the species is o Medwd2(rokyo)

6 -. q E shiraiew 1989)
A S=iymhi(1"2)

assumed as a Gaussian shape 13] and * WdMI973)
V Tb-WI%7)

owit*19n)
intra-track reactions are calculated by Mh0q19")

V HWK19")

1 4 * BdlmKI"3)

conventional second order kinetics. In ------

the last decade Monte Carlo 3 -

calculations appeared 14-16]. We also 2 -

applied the Monte Carlo calculation in I

order to reproduce ecent experimental 0
10712 1XIO" IX10-19 we [X10' 1XIV 1xie

results under the collaboration with a Time (s)

group at the University of Sherbrooke, Figyre 3 Time profile of the hydrated electron yield from ps to

Canada. Several parameters such as iis.

thermalization distance, efficiency of geminate recombination and branching ratio of the

decomposition of the H20* have been adjusted, Although final conclusion has not been obtained, it

seems hard to reproduce the G-value of around 4 Further calculation is in progress.

Relevant to the behavior of hydrated electron there exist other findings to be resolved. The

one is higher yield of the hydrated electron in D20. The formation of the hydrated electron in D20was

- 11 
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also measured and the yield is higher than the observed in H20 171. This higher yield is interpreted as

a longer thermalizing distance due to the slower vibrational relaxation in D20. This is also a critical

point for the verification of the calculation. Another important subject to be clarified is a reaction of

2,the precursor of the hydrated electron. It is widely known that some of the scavenger such as Cd

N03- and H202 reduce the initial yield of the hydrated electron [18). It is obvious that electron before

salvation is scavenged. Recent ferntosecond laser photolysis study reveals the energy dependent

reactivity of the hydrated electron 19). The last subject to be mentioned is the origin of the

unscavengeble H2 formation. Ile main fraction of H2 is formed through the intra-track reactions but

this is a small fraction (G 02) is not completely eliminated even under the highly concentrated

solution. Intensive work is in progress 20). Above are all old subjects but still new ones.

H. Ion beam pulse radiolysis at HIMAC

Ile radiation chemistry of aqueous solutions induced by low lear energy transfer, LET,

radiation such as X and y-rays and fast electrons has been studied for more than five decades. There is

a considerable amount of accumulated knowledge for these types of radiation. On the contrary, our

understanding of the reactions induced by high LET radiation, which is closely related to the radiation

effects in mixed fields, is far from complete and clarification of the intra-track reactions is highly

required 21].

In this section, we report a pulse radiolysis study using pulsed proton and helium beams to

examine the characteristics of the reactions induced by high LET radiation in aqueous solutions. First,

the characteristics of the system are briefly explained and the scavenging method is introduced. The

experimental result in methylviologen solution is presented and then discussed. In addition, a

promising aqueous dosimeter applicable to both pulse and steady state iradiation is proposed.

In 1994, the HIMAC (Heavy Ion Medical Accelerator in Chiba) Facility at the National

Institute of Radiological Sciences began performing cancer therapy with heavy ion beams such as C

and Ar ions. Ile facility is composed of several ion sources, an RFQ injector, a linear accelerator of

the Alvarez type, and a pair of synchrotrons. It can provide ion beams from helium to argon, with

energies of 100 to 800 MeV/nucleon. The facility is normally employed for medical treatment in the

daytime and open to basic research at nights and weekends. Details of the facility have been reported

- 12 -
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elsewhere 22].

The pulse radiolysis system has been

MWh P W 8O)OO00 00(0
00 0 constructed after the linear accelerator section, where

Insulaw la Call ion beams with energy of 6 MeV/nucleon are available.
%Ohruum rhRm t

I SIR SIRI The original pulse duration is about 500 s and can be
Bwm=:>

I I
FOR cut down to a few Rs. In the pesent experiments, 24

'n FOR Ondow

MeV He 2' and 6 MeV proton beams with and 1 Rs
NMP

cuffeft

pulse duration were normally taken. The beam was

injected into the aqueous solutions through a thin

Figure 4 Irradiation system at HIMAC. metal window made of 10 Rm. Harvar foil. The

penetration of both ions is only about 400 Rm in water so an Ar' laser 454 - 515 nm) and a He-Ne

laser 633 nm) were employed to analyze the range of 100 Rm near the surface of the window. The

structure of the irradiation system is shown in Figure 4 he average energy and LET values are 20.7

MeV and 35 eV/nm for He 2' and 52 MeV and 8.5 eV/nm for the proton beam, respectively.

The temporal change of the analyzing light was

detected by a photodiode. Its signal was transferred to
10 v

an oscilloscope and stored on a computer. Total time

resolution of the system was estimated to be ns,

which is much shorter than the pulse duration. The

1005 voltage induced by the beam current passing through

a 50 resistor was displayed on the oscilloscope.
Figure Typical beam current signal and optical
absorption observed 10 mM KSCN solution Typical traces on the display of the oscilloscope are

saturated wh NO. The pulse duration is 2As. shown in Figure 5. Separate measurements of

irradiated CTA film were analyzed with a micro photo-densitometer to determine the beam profile and

dose. The dose range was typically 20 - 600 Gy/pulse. The details of the system have been reported

elsewhere 23]. Conventional electron pulse radiolysis experiments were done at NERL, the

University of Tokyo 24].

Yields of OH radical and e'.q + H atom in methyl viologen solution containing formate 25-27]

Chemical dosimetry has been well established in pulsed electron fadiolysis. On the contrary,

- 13 -
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a standard chemical dosimeter in ion beam pulse radiolysis is not available. Therefore, a suitable

solution for both pulse and steady state ion beam iadiation was selected and the results were

compared in order to verify the procedure and the reliability for evaluation of the dose. he steady

state ion beam irradiation was carried out at the Radiation Uboratory, University of Notre Dame 281.

A methyl viologen solution (0.5mM) containing formate was selected. The following reactions

take place in the solution, which were confirmed by an independent electron pulse radiolysis study.

Here, it is noted that the MV' is very reactive to 02 and all traces of oxygen were removed for the

experiment

e',q + MV1+ -- MV+ k = x 10'0 M-'s-' (1)

OH + HCOO- - COO + H20 k = 32 x 109 M-'s-' (2)

H + HCOO- - COO + H2 k = 21 x 10' M-'s-' (3)

COO + MV'+ - MV + C02 k = 1 x 10'0 M-1s-' (4)

G(MV+) G(e-o+ G(H) + G(OH) (5)

8 The yields of MV+ as a function of formate

concentration in 0.5 mM methyl viologen are shown in

6- Figure 6 From the good agreement between steady

2,state and pulsed proton and He ion iadiation, the
0 4
E

evaluation of the dose in pulse radiolysis is sufficiently

2 .. .............. ....... .... .....
t analy--��s Figure 6 The yield of MV+ as a function of scavenging power

for OH in low LET 0; y-rays 171, ; electron pulse)
0

10 radiolysis, and proton (0) and He2+ (A) pulse radiolysis. Thelo, lo, le ld, 10
Scavenging capacity for OH / s1 values determined in steady state irradiation with protons (0)

and He2+ ions (A) 281.

reliable. In addition, it can be proposed that a solution

of 0.5mM methyl viologen and 10 mM formate is a useful and promising dosimeter in ion beam

radiolysis for both steady state and pulse irradiation.

The value of G(OH) was obtained by the addition of t-butanol (t-BuOH) and keeping the

total scavenging capacity constant. In the presence of t-BuOH, H and OH radicals are competitively

scavenged between formate and t-BuOH.

OH + C(CH3)3OH - CH2C(CH3)2OH + H20 k = 6.Ox IO' Ws-' (6)

H + C(CH3)3OH - CH2C(CH3)20H + H2 k = I.7x10' M-'s-' (7)

- 14 -
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In this work, the ratio of t-BuOH to formate concentration was kept constant and equal to five, so that

half of OH radicals should react with formate. H atoms react selectively with formate. It was

confirmed in electron pulse radiolysis, that the radical, CH2C(CH3)20H, from t-BuOH does not

produce MV' giving the following relationship.

G(MVI-B.OH = G(e-,)+ G(H) + G(OH)/2 (8)

The yield of OH can be obtained from the two methyl viologen / formate solutions.

G(OH = 2[G(MV- - G(MV+)I-B.OHI (9)

G(e'.q)+ G(H) 2 G(MV+),-BuOH G(MV+) (10)

The results are shown in Figure 7 Similarly, G(e-

6 +G(H) was also derived and the results for

- 0 electron pulse radiolysis is consistent with the

0 - - - eq + H
0 electron established values. The higher LET ions give

4 . ...... ....................... ... ... ..............
H smaller yields of G(OH), while sum of G(e-.) and

0
4E He G(H) is almost constant in each solution. The e,q

2 . .............. I.... . . .. ......

Figure 7 G-values of OH and e, + H as a

function of scavenging power fr OH in electron, proton
24and He pulse radiolysis.

0
I 06 I 07 10a 10 9 10 10 and H atom are scavenged at relatively long times

Scavenging capacity for OH -1 in the present system and well after the scavenging

of the OH radical so their scavenging has no effect

on the observed OH yields.

'Me following results have been obtained in the present experiment.

[1] A pulse radiolysis, system using proton and He 2' beams wth duration of jLs has been constructed

and used in radiation chemical studies at the HIMAC facility.

[21 Radical yields decrease with an increase in LET and scavenger systems to be used as probes must

be examined carefully for the possibility of secondary reactions.

[31 'Me reliability of the dose evaluation in the present experiment was confirmed by the comparison

of the results between steady state and pulse irradiation experiments. In addition, the aqueous 0.5

mM methyl viologen solution containing 10 mM formate was proposed as a promising chemical

dosimeter in pulse and steady state irradiation with ion beams.

1 -
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Conclusion

In order to verify the intra-track reactions in aqueous solutions, there are two approaches.

The one is a time resolved method. If the time resolution of the equipment is very short, fast processes

will be measured directly. Recent laser technology makes possible to construct ultra-fast pulse

radiolysis systems based on "pump probe" method. Multi photon ionization by fs lasers may also

helpful for interpretation of the behavior of transient species in fs time range. Another is an indirect

method based on the measurement of the scavenger capacity dependence. In the case of ion beam

irradiation, this is very useful because very short pulse is hardly available.

Theoretical calculation with methods of Monte Carlo and MD calculation would be very

effective in order to understand the intra-track reaction deeply.
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4.2 From DNA Damage to Cancer - So many Steps

Kazuo Sakai

Low Dose Radiation Research Center

Central Research Institute of Electric Power Industry

2-11-1 Iwado-kita, Komae, Tokyo 201-8511, JAPAN

ABSTRACT

Damage to DNAmolecules is supposed to be the initial cause of cancer.

In former days, the number of radiation-induced DNA damage was supposed

to be directly correlated with the incidence of cancer. However, biological

analyses have revealed that there exist a number of steps, or barriers,

within the path from DNA to cancer: repair, apoptosis, and immune system.

DNA Repair: Most radiation-induced DNA damage is repaired very

efficiently. This is the case not only for base damage and single strand

breaks, but also for double strand breaks, which are supposed to be the

most critical damage for biological consequences.

Apoptosis: Those cells containing unrepaired damage, which may be

transformed into malignant cells, are removed by a sophisticated system

called apoptosis, which is evolved to remove "unnecessary" cells in a

body.

Immune System: We have another sophisticated systemic defense mechanism,

immune system, which would remove malignant cells, which survived

apoptosis.

In addition to those factors mentioned above, we have realized a

number of biological responses to ionizing radiation: adaptive responses,

bystander effects and genomic instability. All of these factors should

be considered altogether when estimating the contribution of DNA damage

in radiation induced cancer risk.

KEY WORDS: DNA damage, DNA repair, Adaptive Response, Bystander Ef f ects,

Genomic Instability
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1. Introduction

It is generally accepted that DNA damage is the main cause of cancer.

Various agents, including reactive oxygen species produced endogenously

or radiation-induced, continuously attack DNA molecules to induce DNA

damage. Against these attacks and resulted DNA damage we have a number

of defense mechanism at molecular level, cellular level, and systemic

level. In addition, we have begun to learn that there are a number of

so-called "radio-responses", including radiation adaptive responses,

bystander effects and genomic instability.

In this article, those f actors are reviewed that would modif y the biological

consequences of DNA Damage, and, therefore, should be taken into

consideration when we are to estimate the cancer risk on the bases of

the types and numbers of DNA damage.

2. Molecular Process

2.1 Induction of DNA damage

Ionizing radiation induces various types of DNA damage including

base alterations and single strand breaks and double strand breaks ]

directly or indirectly through producing reactive oxygen species.

Reactive oxygen species are also produced in the process of normal

metabolism and also induce DNA damage. Radiation-induced NA damage is

thought to be severer than those endogenously produced damage, because

distribution f the damage is clustered due to the truck structure of

ionizing radiation. This could explain ionizing radiation induced double

strandbreaksofDNAmolecules, whichisbiologicallymostimportantdamage,

more efficiently than reactive oxygen species added as a chemical agent

[2 3.

2.2 Repair of DNA damage

Repair of DNA breaks was already recognized in the first paper describing

the biochemical detection of DNA breaks 4 The first example was that

in bacteria, and later quick and ef f icient rejoining of DNA breaks has

been reported also in cultured mammalian cells. For example, after

irradiation with as large as 18 Gy of x-rays, no remaining damage was

detected after hr of post-irradiation incubation time [5].
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2.2 Mechanism and Fidelity of rejoining of double strand breaks

In eukaryotic system there are two pathways for rejoining the double

strand breaks: non-homologous end joining and homologous recombination

(6]. The homologous recombination system is essentially error-free,

because unbroken double strand in homologous chromosome is to be used

as a template to keep the genetic information. On the other hand, in

non-homologous end joining there seems no guarantee to keep the original

sequence.

For some enzymes involved DNA replication and/or repair, the f idelity

in their DNA polymerization reaction has been estimated 7 However,

there is no information on the fidelity of the non-homologous end joining

or homologous recombination in vivo. Significance of DNA repair and

its fidelity is typically demonstrated by the fact that patients or

animals of genetic disorder with deficiency in DNA repair and/or its

fidelity tend to have higher incidence of malignancies [8 9.

3. Cellular Process

DNA damage left unrepaired is potentially carcinogenic. However,

there is a mechanism of apoptosis to remove those cells that contains

potentially malignant damage [10 . Apoptosis is a sophisticated system

of programmed cell death, which removes "unnecessary" cells in our body.

The same system seems employed to remove those cells that contain

potentially malignant damage, although the ef f iciency of apoptosis depends

on the type of cells. The efficiency of apoptosis to remove potentially

malignant cells in vivo is, however, still to be determined.

4. Systemic Process

A malignant cell must survive and proliferate in the body to be a

tumor. In the body we have a complicated defense mechanism: immune system.

The immune system has developed as a defense mechanism against external

infectious attacks. This system seems also utilized to remove tumor cells

in the body [11] . Although the antitumorigenic role in general is still

being argued 121, low dose irradiation is reported to stimulate some

types of immune function in mice 13].

5. Biological Responses to Ionizing Radiation-For or Against?

- 21 -
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5.1 Radiation Adaptive Responses

Adaptive responses are first described in decreased frequency of

radiation-induced chromosome aberration in cultured cells, which had been

exposed to low dose rate beta rays from tritiated thymidine 14]. Later

thisphenomenonwas demonstrated also interms of mutation induction [15],

cellular transformation 16], and radiation-induced leukemia 171.

5.2 Bystander Effect

Using a micro beam technique or irradiation with limited number of

alpha particles, it has been demonstrated that non-irradiated cells located

close to irradiated cells respond as though they themselves were irradiated.

This phenomenon is called "bystander effects" and its endpoints include

gene expression [18), chromosome aberration 19] , mutation induction 20],

and cell survival 21]. Although it should be of great influence for risk

estimation, to which extent this effect takes place in vivo and whether

it is for or, against the process of radiation-induced carcinogenesis are

yet to be clarified.

5.3 Genomic Instability

Genomic Instability is a phenomenon mutation occurs after several

generation later 22]. The genomic instability is often referred as a

mechanism to increase the risk of cancer 23, 24]. However, there is a

possibility that potentially malignant cells are removed by cell death

caused by instability 25).

6. Conclusion

In the present review I have described a number of factors, which

should be considered if one estimate cancer risk based on the number and

types of DNA damage; we have learned that there is a long way from DNA

damage to cancer. Another issue along this course is that how much is

the contribution radiation-induced DNA damage in carcinogenesis after

irradiation. This should become a significant problem when we consider

the ef f ect of radiation of low dose range, where the contribution of other

DNA damaging agents, such as environmental carcinogens, is relatively

high. The answer to this question will show us the way from DNA damage

to cancer is rather straight or more complicated than we consider

- 22 -
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4.3 The Effect of Hydration on the Radiation Induction of DNA Base Lesions
Processed by Base Excision Repair Enzymes
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ABSTRACT

The yields of DNA base lesions, which are converted into detectable ssb by base excision repair

enzymes, Nth and Fpg, induced by y- and ot-irradiation at 278 K as w1l as the yields of single (ssb)
and double-strand breaks (dsb) have been measured as a function of the hydration level of
supercoiled plasmid DNA (pUC18). The yield of enzymatically revealed ssb induced by

y-iffadiation increases with increasing level of hydration, from vacuum-dried up to 35 water

molecules per nucleotide r). The maximum ratios ofthe yield of base lesion to that of ssb are 17:1

and 14:1 for Nth and Fpg, respectively H20"-'cation radical inducedmi the hydration layer and the
subsequent radical transfer to DNA bases play an important role in the induction of base lesions.
The yields of additional dsb, revealed after enzymatic treatment, increase with increasing level of
hydration of DNA. The maximum yield of these enzymatically-induced dsb is almost the same as
that for prompt, radiation-induced dsbs, indicating that certain types of clustered DNA damage, e.g.

2 or more lesions closely located, one on each DNA strand, are induced by y-radiation ' hydrated

DNA. In contrast, for samples irradiated with c-particles, the yields of ssb do not significantly
increase after enzymatic treatment espective of the extent of hydration. The efficiencies of
enzymes' activities may be significantly reduced, since direct energy deposition by high-LET

cc-radiation probably induces more complex clustered DNA damages which can not be processed
by repair enzymes. The yields of prompt ssb and dsb increase slightly with increasing at the lower

hydration level ]F<l 5) and then reach constant at the higher hydration level (I 5<F<35) for both y-
and ct-iffadiation. This increase indicates that diffusible OH radicals, if produced in the hydrated
layer, do not contribute significantly to the 'induction of strand breaks.

Key words:
Direct effect, Water hydration, pUC 1 8 plasmid DNA, Single strand break, Double strand break,
Base lesion, Nth, Fpg.
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INTRODUCTION
Ionisation radiation induces a variety of damages in DNA by both drect action of radiati

I i ion
and indirect effects by diffusible water radicals. Recently, the yields of base lesions in DNA
processed by base excision repair enzymes, endonuclease HI (Nth) and
formamidopyrimidine-DNA glycosilase (Fpg), (Fulford, 2000) as well as strand breaks of DNA
(Milligan et al., 1992) induced in solution with a high scavenging capacity around cell mimetic
condition has been studied by systematically changing the scavenger concentration. These studies
show that a direct energy deposition on DNA molecule, as well as interaction with the water
radicals, would significantly contribute to the yield of DNA damages in a living cell.

The mechanism of the direct type damage in DNA has been studied from the ascpects of
differentchernicalconsequences. ItisweilknownthatDNAmolecule,eventhoughinadry-state,
is surrounded by a hydrated water layer which not only shows different structure from bulk water
but also affects on a conformation of DNA (Senger, 1987, Tao et al., 1989). Ito and co-workers
(I 993) reported that a comparison of the G values of strand breaks of plasmid DNA obtained with
several physical conditions during y-irradiation, i.e. in a dry, humid or aqueous state at 77 or 298 K,
showed a significant role of the hydrated waters for the inducing strand breaks. These results
indicate that energy deposition on the hydrated water layer would cause a chemical bond
disruption in DNA molecule (see review, Becker and Sevilla, 1993). Swarts and co-workers
(I 992) measured yield of unaltered base release from salmon sperm DNA as a function of
hydration of the DNA. They found that the yields discontinuously change around the hydration
level of 15 mol of water per mol of nucleotide (F) from decrease or constant level to increase with
increasing the hydration level irespective of existence of oxygen. They proposed that there are
two individual processes involved in the base release, namely charge transfer from the inner
hydration layer (F < 15) to DNA and an attack of OH radicals generated in the outer layer (I < F)
to DNA, wchich is more effective than former process. These processes also involve the
hydration dependence on yields of base lesions (Swarts et al., 1996). The yield of OH radical
trapped in the hydration layer of y-irradiated DNA were measured at 77 K (Becker et al., 994 La
Vere et al., 1996). In these EPR studies, no significant amount of OH radical was observed at F9,

probably suggesting that a hole generated in the hydration layer as a water radical cation (H200)

is immediately transferred to DNA. On the other hand, the yield of OH radical substantially
increase at higher hydration level (9<F<21) and G values of OH radical close to those for pure ice.
Another evidence of the hole transfer form the hydration layer to DNA as well as electron transfer
was obtained by measuring total radical yields in origodeoxynucleotide crystals X-irradiated at 4
K (Debije et al., 2000).

This study is the first investigation to address the processes involved in the direct effects of
radiation through determination of the relative yields of DNA base lesions, strand breaks and heat
labile sites induced by y- and cc-irradiation at 278 K as a function of the hydration level of plasmid
DNA. The yields of base lesions have been determined by post-irradiation treatment of the DNA
with enzymatic probes, Nth and Fpg, which excise and convert base lesions into readily detectable
strand breaks.
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MATERLALS AND METHODS

Plasmid DNA preparation
Plasmid DNA (pUC18, 2686 base pairs) was obtained from an E.Coli HBIOI host and the

DNA was extracted using alkali-lysis followed by purification with banding twice on cesium
chloride -ethidium bromide gradients as described previously (Hodgkins, et al. 1996). The plasmid,
wh'ch is over 90 % in the super coiled form, is subsequently stored at 20 T in TE buffer (I 0 mM
dm -3 Tris I mM dm -3 EDTA, pH 80) at a concentration of 2.2 mg/mi.

Humidity control of DNA samples
The stock DNA solution was diluted with TE buffer (IO mM dm 3 Tris I mM din-3 EDTA, pH

8.0)togiveafinaIDNAconcentrationofO.22mg/ml. Thisplasmidsolution(5gl)wasputontoa
Hostaphan dish which was on ice and dried by blowing dry air (less than IO % humidity) for 3 min.
This process is to avoid crystallisation of the buffer solutes by a flash-freeze-drying procedure. If
the crystallisation occurs in the sample, it causes liquefaction of the crystals by absorbing water
vapour in ambience during a following humidity control procedure. ARer drying a uniform film of
DNA-buffer solutes matrix of 3 mm diameter was left on the Hostaphan base of the dish. The dish
was then placed in a freeze-drying apparatus (Micro-Modulin, Edwards) for I hour to remove any
additional water molecules loosely bound to the DNA sample. Three plasmid DNA films were
normally prepared on a dish.

Following the drying procedure, the samples on the Hostaphan dish were placed in a plastic
chamber which also containing a plastic dish of 3 cm diameter in which 2 ml of a sodium hydroxide
solution was placed to maintain an appropriate humidity condition. The humidity control chamber
was subsequently placed in a cold room at a temperature of 57 ± 0.5 C for, at least, 15 hr and
exposed to a controlled relative humidity ambience prior to irradiation The amount of ssb caused
by the humidity control under these conditions is less than %, indicating that over 85 % of the
closed circular form still remained after the humidity control procedure. The concentration of the
sodium hydroxide solutions of 8.18, 656 480 and 384 mol/dM-3 were chosen to give relative
humidities, 73, 83, 91 and 98 respectively in the chamber at 57 'C. These concentrations of
sodium hydroxide solutions give about 12 lower relative humidities at 25 'C as reported by
Stokes and Robinson 1948). The thickness of the sample exposed to 97 humidity was
determined to be approximately gm (IO gm at the film rim) using a confocal microscope after
staining the sample by propidium iodide (I gg/ml in the DNA stock solution).

For a vacuum dry condition, plasmid DNA on the Hostaphan base of a dish was irradiated
with y- or cc-rays immediately after the freeze-drying procedure. During the irradiation, the sample
chamber was kept at less than 15 humidity by filling dry air in the chamber. It is assumed that
exposure to dry air would not significantly affect the hydration level of DNA since the iadiation
time (maximum 67 min) is short compared with that required for humidity control (I hr).

Exposure to �- and a-rays
Irradiation of y- and a-rays was carried out at MRC (Medical Research Council, Hawell UK)

y-irradiation cell to y-rays) and the cc-irradiator (238pU source), respectively, at 57 'C which is
the same with the temperature at the humidity control conditions. To ensure secondary charged
particle equilibrium, the chamber was placed on a I cm thickness of plastic petri dish that was filled
with cooled agarose gel 5.7 'C) and irradiated with 6Co y-rays through the petn' dish. The
temperature of the sample during a-Irradiation was also kept at 57 'C using a water cooling
circulation system. LET of the -rays would be negligible by penetration to the sample (the
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thickness less than IO gm). The dose rate was about 92 Gy/min for y- and F� 0 Gy/min for
ct-Irradiation. The humidity in the chamber was constant during the irradiation (within ± .8
After irradiation the sample was recovered with IO I of sterilised distilled water 4 'C) and stored
at 20 'C (for maximum 4 hours) before determination of the yield of strand breaks with or without
an enzyme treatment by agarose gel electrophoresis. The samples were categonsed into three
groups by the post-irradiation treatments. The first set was maintained at 4 'C (termed
non-incubatjon-GpP ntheremainderofthispaper),thesecondwasincubatedat37'Cfor3Omin

without enzyme ('416-enzyme-Grp") and the third was incubated at 37 'C for 30 min with the
enzymes ("Nth-Grp", "Fpg-Gqi'or Nth+Fpg-Grp-).

Enzyme treatment
The purified proteins, endonuclease III (Nth) and formamidopyrimidine-DNA gycosylase

(Fpg) were generous gift from Prof Rick Wood and Dr. R. Adyona Imperial Cancer Research
Fund). An Nth stock solution at a concentration of 13 ng/RI was stored at 20 'C within a medium

3consisting of 50 % glycerol, 100 mmol dm-3 potassium phosphate, 0.1 mol dM dithioethanol
(DTT) and 0005 % Triton X I 00 at pH 66 (Asahara et al. 1989). A Fpg stock at a concentration of
21 ng/RI was stored under similar condition to that for Nth.

The procedure of the enzyme reaction was followed by the previous method (Melvin et al.,
,31998, Fulford, 2000) Befly, 5 I of sodium acetate (I mmol dM ) and 30 I of chilled ethanol

were added to two of the three irradiated plasmid DNA samples stored at 20 'C after recovery from
the Hostaphan dish. The samples were left at 20 'C for 30 min to precipitate the DNA. After a
centrifuge and decanting the liquid, the DNA pellets were rinsed with 70 ethanol. Following
centrifugation, the resulting DNA pellet was dried using an evaporator for I min. A total volume
of 20 RI of reaction buffer and enzyme was then added to each sample tube containing the plasmid
DNA that was either irradiated or not irradiated as a control. The enzyme reaction buffer consisted
of 0.5 mmol din-3 EDTA, 0 I mol dm-3 KCI, 40 mmol dm-3 HEPES 05 mmol din-3 DTT and 02
mg/ml bovine serum albumin (BSA) at pH 8.0 (Melvin et al. 1998). The optimal incubation time
and temperature for the Nth reaction (30min at 37 'C) reported by Fulford 2000) was adopted here.
The desired quantity of Nth and Fpg was determined by undertaking ttration for a 4 kGy irradiated
DNA sample. The determined optimal concentrations were 1 I ng and over 19 ng per I Rg of DNA,
respectively I I of Nth or Fpg stock solution was added to 19 RI of the reaction buffer containing
theplasmidDNA(Nth-GrporFpg-Grb). TodeterminetheoptimaltimeofincubationwithFpga
time course of the enzyme activity from to 90 min incubation was also undertaken. An
incubation of over 30 min non-irradiated plasmid DNA at in concentration of Fpg (I 9 ng/Rg DNA)
causes slight degradation of the closed circular form of the DNA ( 7). Therefore, the optimal
concentration of Fpg and reaction time is determined as 19 ng/Rg DNA and 30 min, respectively.
The additive effects of both enzymes for irradiated DNA (equilibrated at 97 humidity) were
examined by the condition of I RI of both Nth and Fpg stock to 18 RI of the reaction buffer. The
solution was incubated at 37 'C for 30 min, 20 RI of the reaction buffer was added to another
samples (wlo-enzyme-Grp) in the absence of enzyme and incubated at 37 'C similar to the enzyme

-3treatment. RI of 0. 5 mol din EDTA was added to stop the action of enzymes. The solution was
then placed on ice before the addition of loading buffer for agarose gel electrophoresis.

Quantification othe strand breaks in the plasmid DNA
Prior to agarose gel electrophoresis, 5 RI of the loading buffer (O I % bromophenol blue, 30 %

3sucrose in TBE 89 nmol dm-'Tris, 89 mmol dm-' boric acid, 2 mmol dM EDTA)) was added to
theDNAsolutiontreatedwithorwithouttheenzyme. Eitherl5RIfortheincubatedDNAsolutions
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or 75 �tl for those not incubated were then placed into the well In a I % agarose (Sigma Type I -A)
gel in TBE buffer at pH 7 . The samples were run at typically 75 mV cm-', 7 rnA for 17 hr at 57

'C. Following electrophoresis, the gel was stained with 30 gl of ethidium bromide (10 mg/ml) in
600 ml of TBE buffer for I hr at 57 'C.

The different forms of the plasmid DNA in the gel were vsualised using a UV
transilluminator and an image of the gel was produced using a charge-coupled device (CCD)
camera. The amount of DNA in each form was then quantified as described previously (Hodgkins
et al., 1996). The effect of superhelical density on the correction factor for ethidium binding to
closed-circular DNA has been discussed previously (Hodgkins et al., 1996, Milligan, et al., 1992).

A dose response was determined for a logarithm of the loss of closed circular plasmid DNA

against y- or a-d6se at the specified humidity condition. From the slope of this response, a D37

value was obtained which, assuming Poisson statistics for strand break induction, represents the
radiation dose required to give on average one ssb per plasmid molecule. Using the D37 value an
average ssb number per Gy per Da is obtained by assuming that the average mass of a base pair is
650 Da, given by

n(ssb = 12686 x 650 x D37) (1)

where2686isthenumberofbasepairsforpUC18DNA. Theaveragenumberofdsbperplasmid
DNA per Gy per Da were determined from the dose dependence of the fractional abundance of the
linear form of the DNA given by,

n(dsb = b/(2686 x 650) (2)
where b (dsb per plasmid DNA/Gy) is the slope of dose-response.

RESTLTS

Dependence ofprompt ssb yield on the level of hydration for yirradiation
The amount of closed circular DNA remaining irradiated pUC 1 8 plasmid DNA decreases

exponentially with the y-dose. Figure I shows a typical dose response of the losses of the closed

circular DNA obtained at the relative humidity condition of 97 % (F = 34.5). The yield of ssb was
calculated using Equation (1) based on the D37 value determined from the slope of the
dose-response at different relative humidities. The dependence of the yield of ssb/Gy/Da on the
level of hydration is shown in Figure 2 It is assumed that dry DNA in a high vacuum inevitably
contains 25 hydrated water molecules per nucleotide (Tao et al. 1989) and - per nucleotide at a
low relative humidity condition (- 20 % (Milano and Bernhard, 1999-a). Based on these aspects,

we assumed that F of the vacuum dned sample was about 4 ± .5 under the condition of our
freeze-dry procedu 're. The dependence of the yield of ssb for non-incubation-Grp was similar to
that for wlo-enzyme-Grp for all the hydration level studied irrespective of radiation. The yield of
the prompt ssb slightly increases with increase of hydration level at the lower hydration level

(F<1 5) then become independent of F with a yield of 7 x I -11 ssb/Gy/Da.

Yield of enzyme sensitive sites revealed hy Nth and Fpg treatmentfor )Irradiation

Incubation of the plasmid DNA with either Nh or Fpg after y-irradiation results in a greater loss
of the closed circular form with increasing dose as shown in Figure 1. Both yields of ssb for
Nth-Grp and Fpg-Grp increase with increasing hydration level over the range studied (Figure 2.

The maximum yields are 1.8 x I -10 ssb/Gy/Da for Nth and 16 x I -10 ssb/Gy/Da for Fpg at r=34.5.
Incubation with both enzymes together results in the largest slope of the dose response, 24 x 10-")

ssb/Gy/Da at F=34.5. A net yield of the enzyme sensitive sites, n(ess), is given by,
n (ess) � n Nib (or Fpg)(ssb - n(ssb) (3)
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where n(ssb) is the yield of prompt ssb for Wo-enzyme-Gip 6-7 x IO-" ssb/Gy/Da). Obtained
n(ess)s and atios of n(ess)/n(ssb) at F 34.5 are compared with previous data for solution system
at a high scavenging capacity (as shown in Table 1).

We calculated an expected yield of ssb for the sample treated with both enzymes, nNthFpg(ssb),
at F = 34.5 under the assumption that the enzyme sensitive sites induced in the irradiated plasmid
DNA independently recognised by each enzyme: nNth+Fpg(ess = nNth(ess)+ %jess), where
nNth(ess) and nFpg(ess) are the yields listed in Table 1. The experimentally obtained values for the
yield of ssb by incubation with both enzymes, 17 x I -10 ess/Gy/Da, is about 82 % of the calculated
one was 21 x IO- to ess/GyiDa, indicating that the enzyme sensitive sites detected as ssbs by the
enzyme treatment are largely additive.

Dependence ofprompt dsb yield on the level hydrationfor )Irradiation
The induction of dsb detected as a linear form of the plasmid DNA irradiated either with or

without incubation at 37 'C without enzyme increases linearly with 'ncreasing dose
(non-incubalion-Grp and wlo-enzyine-Grp). Figure 3 shows a typical dose response for the prompt
dsb on average per plasmid DNA obtained at the relative humidity condition of 97 % ( = 34.5).
The yields of dsb (/Gy/Da) were calculated using Equation 2 using the slope of the each
dose-response of an average dsb per plasmid DNA. The dependence of the prompt yields of dsb
for non-incubation-Grp and w1o-enzyme-Grp on hydration level are similar for all the hydration
conditions studied as shown in Figure 4 A slight increase with increasing hydration level occurs at
the lower hydration region <I 5) and at higher F the yield becomes constant as also observed with
ssb dependencies. The maximum yield of prompt dsb at F=34.5 is about 7 x 10-12 dsb/Gy/Da.

Yield of extra-dsbs revealed by Nth and Fpg reatment rradiation
BothdsbyleldsforNth-GrpandFpg-Grpincreasewithincreaseofhydrationlevel. Theyields

of dsb for Nth was slightly smaller 70 - 5 %) than those for Fpg for all the hydration level studied.
The maximum yields were about 17 x Iff" dsb/Gy/Da for Nth and 19 x 10-11 dsb/Gy/Da for Fpg
at F=34.5. The dsb yield for the sample incubated with both enzymes at F=34.5 is 24 x 10-"
dsb/Gy/Da. n(dsb)s obtained by the enzyme-treatment are 23 times larger than those for
non-incubation-Grp and wlo-enzyme-Grp. The ratios of n(ssb)/n(dsb), however, are almost
constant (-10) and do not depend upon hydration level. A net yields of the enzyme sensitive sites,
*n(ess)s, detected as extra-dsbs, are given by,

n* Nth (or Fpg)(ess = n Nth r Fpg)(dsb - n(dsb) (4)
where n(dsb) is the yield of the prompt dsb for wlo-enzyme-Grp 7.2 x 10-12 dsb/Gy/Da). Obtained
n*(ess)s at F = 34.5 are shown in Table .

Yield qfpronipt ssbs, dsbs and enz e sensitive sites induced b a-irradiaition
The dependence of the yields of prompt ssbs and those obtained after enzyme treatments on the

level of hydration are shown in Figure 5. The prompt ssb yields are very similar to those for
y-irradiation. The yields of prompt ssbs for non-incubation-Grp and wlo-enzyme-Grp slightly
increase with increase of hydration level at the lower hydration level (F< 1 5) and at higher F the
yields become constant as also observed with those for y-irradiation. The maximum yields are
about x IO-" ssb/Gy/Da at F=34.5. Figure 6 shows the hydration dependence of the yields of
prompt dsbs induced by cc-irradiation and those obtained after enzyme treatments. The yields of
prompt dsbs also increase at the lower hydration level (IF<] 5) and then become constant, but the
maximum yields are 13 and 17 x 10-11 dsb/Gy/Da at F=34.5 for non-incubation-Grp and
wlo-enzyme-Grprespectively. Thesevaluesareabouttwotimeslargerthanthosefory-irradiation.
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In contrast, the yields of ssbs do not increase after the enzyme treatments irespective of the
extent of hydration in the range studied. The yields of ssb for both Nth and Fpg-Grp are similar to
those for non-incubation-Grp and w1o-enzyme-Grp (the maximum: about x I -" ssb/Gy/Da at
1-=34.5). The yields of dsbs also do not significant increase after the enzyme treatment. The
maximum value is about 1. 5 x IO-' dsb/Gy/Da at F=34.5 for both Nth-Grp and Fpg-Grp.

DISCUSSION

Yields of base lesionsfor rradiation obtained with enzymatic probes
Control of the humidity condition of the plasmid DNA sample makes it possible to

systematically study the role of hydrated water molecules on DNA damages caused by a direct
energy deposition on DNA-water complex. In an inner-hydration layer, the water molecules are
tightly associated with oxygen atoms of the phosphate group and sugar moiety 0(3'), 05'))
(Saenger 1987). In case of bases, the water molecules often bind to simultaneously two atoms of
nitrogen or oxygen in punine bases (e.g. N(7) and 06) of guanine) (Saenger, 1987). In an
outer-hydration layre, the water molecules loosely bind to DNA. The ssb yield for 7-iffadiation
increase with the treatment of base excision enzymes (Nth and Fpg) in the whole hydration range
studied. The maximum yields are 1.8 x I '10 ssb/Gy/Da for Nth and 16 x I 00 ssb/Gy/Da for Fpg
at F=34.5, and the ratios to prompt ssb yields are 17:1 and 14:1 for Nth and Fpg, respectively.
These results 'indicate that the direct action of y-irradiation induces base lesions that are recognised
and excised by the enzymes and converting to ssbs. Nth excises mainly ring saturated pyrimidines
(e.g. 5, 6d1hydrothymine (DHT), thymine glycol and abasic site (AP site)) (Demple and Harrison,
1980, Breinier and Lndahl, 1979, Dzdaroglu el al. 1993, Hatahet et al. 1994), whereas Fpg
excises mainly 2,6-diamino-4-hydroxy-5-N-methyI formamidopyrimidine (Chetsanga and Lindahl,
1979) and 7,8-dihydro-8-oxo-2'deoxyguanine (8-oxoGua) (Boiteux et al. 1992, Tchou et al. 1997).
We also examined the additive effect of both enzymes. Obtained results clearly show that there is a
small fraction < 20%) of overlapping substitutes which might be AP site which is excised by both
enzymes.

In contrast to the prompt strand break yields, the yields of base lesions clearly show an
increase with increase of hydration level. The maximum yield for Nth treatment is 12 xIO-10
ess/Gy/Da, which are smaller than that for high scavenger solution system, 61 xIO-'0 ess/Gy/Da
(Fulfordetal.2000)byafactoroffiveaswellasthecaseofFpgtreatment(seeTablel). Theratios
of the yield of base lesion to the yield of ssb are also smaller than that for the high scavenger
solution system by a factor of 1.5. These results indicate that, though the base lesions are more
efficiently induced by diffusible water radicals, the direct energy deposition on hydrated water
layer would still play an important role for induction of the base lesions because the yields
significantly increase with the hydration level.

At lowest hydration condition (F-5), ionisation/excitation would be limited at DNA strand
itself or several water molecules hydrated to the phosphate group or sugar moiety. The energy
deposition of radiation on the water molecules tightly bound to DNA would certainly cause water

radical cation, H20*+ faster than they would deprotonate to form OH radical (Becker et al. 1994,

La Vere et al. 1996). In the range of <r<l 0 a hole transfer from H200 t Oxygen or nitrogen
atom in bases would induce cation base radicals. These are precursors of oxidative damaged bases
(Swarts el al. 1996) that are substrates of the base excision enzymes (Nth and Fpg). In the range of
10 < IF, the hydrated water layer must be used to form a molecular bridge of the two bases in a
Watson-Crick pair, at the minor or major groove (Saenger, 1987). Some of these water molecules
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could have a chance to close a sugar moiety, 'ndicating that a hole transfer would more likely
occurs from the relatively outer water layer to the sugar. The transfer causes a destruction of sugar
moiety and unaltered base must be released as observe by Swarts el al. (I 992) at F > 12. However,
the probability of such access of the water molecules to the sugar moiety seems to be relatively
small because of the geometrical position in the strand. This might be supported by a relatively
small yield of unaltered base release when compared to total radical yield in DNA (Razskazavskiy
et al. 2000). They reported that the yields of the base release from crystalline DNA, which includes
hydration water, by X-Irradiation are between I and 20 % of the total free radical yields measured
at 4 K. In the loosely bound water layer, deprotonation could be dominated (Becker et al. 1994 La
Vere et al. 1996). The deprotonation is expected to form the OH radical and the yield of ssb and dsb
would increase as the result. Our data of the yield of ssb and dsb reported here does not show such
remarkable increase of the yields. In our sample a significant amount of Tris (see Materials and
Methods) was included to stabilise the super coiled DNA conformation. The compound is often
used as an OH radical scavenger (Fulford et al. 2000) so tat some of the OH radicals generated in
the secondary hydration layer might be scavenged by Tris.

On the other hand, the yield of the base lesions excised by Nth and Fpg still increase at higher
hydration level at F > 20 where the secondary hydration is predominant. Presumably there is
another mechanism for the base lesion induction rather than that by OH radical. Kennard et al.
(I 986) reported that there is a network of the hydrated water molecules that forms some pentagonal
patterns in the major groove of A-form DNA by hydrogen bonds between water and water or water
and oxygen/nitrogen of bases. The network is considerably different from that in ice I structure
consisting of chair-shaped hexagonal layers. Though the structure of water molecular network
have not been defined well in secondary hydration layer of B-form DNA, they are supposed to be
strongly associated with the primary hydrated water layer in the major or minor grooves. The
semi-ordered water structure would play a role in a long-distance-hole-transfer through a mixing of
the wave function of each molecular orbital (sp3) of water. Thus, these mechanisms for the

hole/proton transfer from H200+ to base would involved in the generation of base radicals resulting
in base lesions.

Clustered damages induced by y-irradiation shown as enzymatically revealed Extra-dsbs
As shown in Figure 3 and 4 increases of the dsb yields by an enzyme treatment were observed.

The ratios of the yields of enzyme sensitive site inducing extra-dsb, n*(ess), to the prompt dsb yield,
n(dsb), are 14 for Nth and 16 for Fpg. These values are larger than those obtained for high
scavenging solution system (- 0.8) (Fulford, 2000), indicating that the extra-dsbs are more
efficiently induced in the dry or hydrated DNA than solution system. Recently Milligan el al.
(2000) reported that an increase in dsb yield of y-Irradiated plasmid DNA by Fpg or Nth treatment
is approximately equal to the square of increase in the yield of ssb for solution system including
radical scavenger. They concluded that the ma'ority of the extra-dsb appear to be formed by
random attack of two OH radicals. We examined our data using the equation they proposed,
however, our values do not follow the square relation. As described below, there is an insignificant
contribution of diffusible OH radicals to inducing prompt strand breaks in our dry/hydrated system.

There might be other mechanisms inducing the extra-dsb in hydrated DNA. There are two
ible pathway of the generation of the extra-dsb, namely a base lesion located in the vcinity of

another base lesion or another ssb on the complementary strand. After the base lesions are
converted to a ssb, then a dsb will be formed. Therefore, an increase of the yield of dsb following
an enzyme treatment indicates that some of the base lesions contributing to the complex damages,
which is not initially seen in the absence of the enzyme reactions. The yield of the extra-dsb
increased with hydration level rapidly at lower F and slowly at higher F. These results indicate
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that closer water molecules that are tightly bound to DNA are more effectively I in

generation of such complex damages. This sharply contrasts to the trend found in the single base

lesion yield obtained as the yield of ssb after an enzyme treatment, which almost linearly increases

with the hydration level. Though it has not clearly been known the mechanism of the induction of

the multiple damages, our results show that the combination of two base lesions or one base lesion

and one, ssb in the vicinity are significantly induced by direct energy deposition of radiation

energyon DNA-water comples, not by random processes of two individual events, such as reaction

of two OH radical.

Unrepairable DNA damage induced by a-irradiation

The prompt dsb yield for a-irradiation is about 2 times larger than that for y-irradiation,

though the ssb yields are similar for both radiations. These results indicate that the high LET

radiation such as -rays would cause dsb with a relatively higher efficiency than that for low LET

radiation such as y-rays. The dense and very localized ionisation or excitation might be induce a

dsb along the a-track. In contrast, the yields of ssb and dsb do not significant increase after

enzymatic treatment irrespective of the extent of hydration in the range studied. The efficiencies of

the enzymes may be significantly reduced, since direct energy deposition in hydrated DNA by

high-LET x-radiation probably induces more complex clustered DNA damages. It is shown by

Monte Carlo truck structure method that 90 of strand breaks accompany base lesions located

within a few ten base pairs to form complex damages Nikjoo et al., 2001). David-Cordonnire and

co-workers reported that a neighboring lesion (ex. combination of DHT and AP site located one on

each origonucleotide strand in a few base pairs) have a strongly inhibition effect on the base

excision activity of base excision enzymes. It is supposed that high LET radiation causes such

complex clustered type DNA damages more efficiently compared to low LET radiation which

could cause relatively simple and repairable type clustered damages.

Dependence ofprompt strand break yields on hydration levelfor 7-irradiation

The yields of prompt strand breaks, n(ssb) and n(dsb), show a small dependence on the

hydration level for y-irradiation in present study. The both prompt strand break yields slightly

increase (F<15) and then reach constant at higher hydration levels (15<171100), resulting a

20-50 % increase from a vacuum-dned state to a fully hydrated state. These results indicate that

direct energy deposition on the outer hydration layer does not significantly contribute the strand

breaks. It is worth to consider reactive water radical species generated in the outer hydration layer.

La Vere et al. 1996) showed that yield of OH radical linearly increases from F = 9 to F = 21 of a

hydrated salmon DNA at 77 K. The constant yields for prompt strand breaks obtained in present

study indicate a little relation between the strand breaks and the generation of OH radical, if

produced in the outer hydration layer.

However there would still remain other candidates of DNA damage enhance by the water

radicals in the hydration layer. Swarts et al. (I 992) ascribed base release type damage in hydrated

DNA to OH radicals generated in the outer hydration layer (I 517). In present study we obtained an

increase of yield of base lesions, which are excised by base excision repair enzymes (Nth and Fpg),

with increasing of hydration level (discussed below). Thus these evidences introduce an idea that

each type of DNA damage, namely ssb (and a part of dsb), base lesions and unaltered base release,

would be induced by different mechanism in hydrated DNA.

Conformational changes from A to form at IF - 18 with increasing hydration level may also

account for the slight increase of the prompt strand break yields. In present study, however, both

radiation cause the change of the yields in insignificant level at the lower humidity range (IF< 1 5),
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indicating that the conformational phase transition of DNA does not drastically affect prompt
strand breaks. This result is consistent with the data of total radical yield in yophilised and
hydrated calf thymus DNA film (Milano et al. 1999 a, b). They concluded that the DNA packing is
a critical variable in determining the free radical yields in DNA, significantly more so than the
conformation.

For vacuum-dried state, both n(ssb) and n(dsb) presented here are in good agreement with
literature values, in particular, with 57 x I -'1 ssb/Gy/Da and 32 x 10-12 dsb/Gy/Da in a ded
pBR322 plasmid DNA irradiated with y-rays at 25 T obtained by Ito and co-workers (I 993), while
their values for hydrated samples are higher by a factor of four. Larger values were also reported
by Baverstock and Will (I 989) 1.6 x IO-' ssb/Gy/Da and 16 x IO-" dsb/Gy/Da). They used a
lyophillsed sample to expose to a stream of water-saturated gas to make a hydrated DNA sample.
As mentioned in Materials and Methods, however, a hydration treatment for a yophilised sample
should be carried out very carefully because a flash-freezing DNA solution causes crystallisation of
the buffer solutes followed by liquefaction with absorbing water vapour in ambience. The
liquefaction must raise the strand break yields because highly reactive OH radicals can be induced
in the bulk water by irradiation.

Radiation-induced labile-sites should also be considered in analysing the strand break yields.
Several studies of DNA strand breaks have provided evidence of a "post-irradiation effect" by
alkali treatment or incubation at 3 7 T ikke-Huhle et al. 1975, Lafleur et al. 1978). Jones et al.
(I 994) suggested that y-iffadiation induces heat labile sites in significant level in SV40 supercooled
DNA. The strand break yields increase by a post-irradiation incubation at 37 'C for 2 hours about
a couple of times larger than those obtained without incubations. In our experiment quantity of the
heat-labile sites can be estimated by comparing two series of data, namely strand break yields for
non-incubafion-Grp and w1o-enzyme-Grp samples that were incubated at 37 'C for 30 min.
Interestingly, both yields of ssb and dsb did not show any increase by the incubation in all
hydration range studied. It is contrast to data obtained by using a plasmid DNA in high scavenging
solutions (Fulford, 2000). The evidence obtained in present study indicates that the heat
labile-sites by y-Irradlation mainly caused by diffusible radicals generated by irradiation in bulk
water.
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Table 1. Yields of base lesions excised by Nth and Fpg induced in dry pUC 18 plasmid DNA by
,y-irradiation.

Treatment of F n(ess) n(ess)/n(ssb) n*(ess) n*(ess)/n(dsb)

sample mol water/mol xlO-"ess/Gy/Da xIO-1less/Gy/Da)
nucleotide

Nth-Grp 34.5 11.6 1.7 1.0 1.4
Fpg-Grp 34.5 9.4 1.4 1.2 1.6

(Nth+Fpg)-Grp 34.5 17.3 2.6 1.7 2.3

High scavenger Scavenging
solution* Capacity

Nth 1.4 60.7 16.3 2.76 074
Fpg 1.4 46.0 11.9 2.09 054

Fulford 2000)
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Figure 1. The dependence of a logarithm of the closed circular DNA fraction on dose of y-rays
after exposure of pUC18 plasmid DNA. The relative humidity of the sample chamber was
controlled at 97 %. The samples were maintained at 20 'C before gel electrophoresis (open
circular). After irradiation, some samples were incubated at 37 'C with Nth (closed triangle),
with Fpg (open triangle), with both Nth and Fpg (open square) or only incubated with enzyme
buffer (closed circle). The points represent the mean ± SD of three independent experiments.
Each line was drawn by least mean square method.
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Figure 2 The dependence of the yield of ssb 'induced by y-rays on hydration level. The

relative humidity of the sample chamber was converted to IF (mol of hydrated water molecule
per mol of nucleotide) using a relation between the relative humidity and the number of water

molecules per DNA nucleotide reported by Lett 1987). The value of IF in the vacuum dry
sample is assumed to be about 4 ± 1.5 (see Materials and Methods). The samples were
maintained at 20 'C before agarose gel electrophoresis (open circular). After irradiation,
some samples were incubated at 37 'C with Nth (closed triangle), with Fpg (open triangle),

both Nth and Fpg (open square) or only ncubated with enzyme buffer (closed crcle).
The bars in vertical direction are ± SD of the slop of the dose response curve of three
independent experiments. The bars in horizontal direction are determined by fluctuation of
humidity during the control in the cold room. The straight lnes were drawn by least mean
square method.
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Figure 3 The dependence of number of dsb per plasmid DNA on dose of y- rays determined
from the fractions of the linear form. The relative humidity of the sample chamber was
controlled at 97 %. The samples were maintained at 20 'C before agarose gel electrophoresis
(open circular). After iradiation, some samples were incubated at 37 with Nth (closed
triangle), with Fpg (open triangle), with both Nth and Fpg (open square) or only incubated with
enzyme buffer (closed circle). The points represent the mean ± SD of three independent
experiments. Each line was drawn by least mean square method.
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Figure 4 The dependence of the yield of dsb induced by y-rays on hydration level. The
samples were maintained at 20 T before agarose gel electrophoresis (open circular). After
irradiation, some samples were incubated at 37 with Nth (closed triangle), with Fpg
(open triangle), with both Nth and Fpg (open square) or only incubated with enzyme buffer
(closed circle).
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Figure 5. The dependence of the yield of ssb induced by cc-rays on hydration level. The

samples were maintained at 20 before agarose gel electrophoresis (open triangle). After

cc-irradiation, some samples were incubated at 37 T with Nth (closed circle), with Fpg (open

circle), or only incubated with enzyme buffer (diamond). Each data is given as an average

value obtained from three independent experiments. Narrow dot lines show the curves

obtained by y-irradiation experiments (see Figure 2.
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Figure 6 The dependence of the yield of dsb induced by ct-rays on hydration level. The
samples were maintained at 20 before agarose gel electrophores' en triangle). After

is (Opirradiation, some samples were incubated at 3 7 'C wth Nth (closed circule), with pg (open
circle), or only incubated with enzyme buffer damond). Each data is given as an average
value obtained from three independent experiments. Narrow dot lines show the urves
obtained by y-irradiation experiments (see Fgure 4.
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4.4 Genetic Effects of atomic-bomb radiation:

Analysis of minisatellite genes
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Abstract

Unstable GC-rich minisatellites are known to exhibit high

spontaneous mutation rates in human germ cells. We therefore conducted

a pilot study to measure mutation rates at minisatellite loci in

father-mother-child(ren) trios from 50 exposed families (mean gonadal

dose; 19 Sv) and from 50 control families (mean dose; 0 Sv) . Nine

hypervariable single-locus probes and one multi-locus probe for DNA

fingerprint analysis were used. The mean mutation rates per locus per

gamete at these nine minisatellite loci were 16% in the exposed group

and 22% in the control group. The mutation rates detected by the

multi-locus probe were 13% in the exposed group and 14% in the control

group. In contrast to some other reports, our results do not provided

evidence for an increase in mutation rate at minisatellite loci by

radiation.

Key word: children of atomic bomb survivor, germ cell mutation, mutation

rate, ionizing radiation, minisatellites

1. Introduction:

The Radiation Effects Research Foundation (RERF) has long been

concerned with genetic effects of atomic-bomb (A-bomb) radiation.

Several large-scale studies have been conducted, none of which provided

evidence of a positive effect (1-5). It should be mentioned, however,

that technical constraints were so serious that any direct examination

of DNA was not possible. Recent developments in genomics and molecular

biology allow for new genetic approaches. I was interested in mutations

at minisatellites. Because the minisatellite DNA sequences mutate

spontaneously with rates several orders of magnitude higher than that

at ordinary genes 6-8) , it is possible that they might provide a sensitive

way of detecting radiation-induced germline mutations so as to require

relatively small number of.samples.
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Tandem-repetitive elements, referred to as minisatellites 6 or

variable number of tandem repeats (VNTRs 9 are widely distributed

in the genomes of human as well as in other vertebrates. Representative

structure is shown in Figure 1. They show a strong tendency to cluster

in telomeric regions in human (10) . They are composed of many

short-sequence units (core sequences: 6 bp 100 bp) repeated in tandem

and show substantial allelic variation in the repeat number.

There are two kinds of DNA probes for detecting minisatellite

loci. one group of probes are named /multilocus minisatellite probes

# (or DNA fingerprint probes) They consist mainly of minisatellite core

sequences (Fig. 1) . Because these probes detect many minisatellite regions

simultaneously that are homologous in the core sequences, information

on many loci can be obtained with a single screening 68). The

disadvantage of using these probes is parental origin of the mutations

cannot be identified. Another group of probes are called single-locus

minisatellite probes" They are located in the flanking regions of unique

DNA sequences adjacent to the repeat 9 1) (Fig. 1) . Analysis of several

minisatellite loci with single-locus minisatellite probes revealed

extreme variability due to high mutation rates which generated new-length

alleles in the germline (8 9 11) . With single-locus minisatellite probes,

each individual shows two bands (unless being homozygo us) one was

inherited from the father and the other from the mother 78,11).

Therefore, it is possible to determine the parental origin of the mutant

bands observed in the offspring. The mutation rates in the regions

detected by single-locus minisatellite probes are so high that the

new-length variants can be frequently detected in pedigree analysis by

Southern hybridization 78,11).

In this report, I describe the result obtained in pilot studies

using nine single-locus minisatellite probes and one multilocus

minisatellite probe. The result of our pilot study was that there was

no significant difference in mutation rates. Several studies have been

conducted to examine mutation induction at the minisatellite loci of

people irradiated in the Chernobyl accident. Dubrova et al. reported a

significant increase in the mutation rates among the children of people

residing in contaminated area 12-14). On the other hand, two recent

studies reported no increase of mutation frequency in the children born

to fathers who were Chernobyl cleanup workers (15, 16). Possible reasons

for the discrepancy will be discussed.
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2. Subjects, Materials and Methods

2.1 Subject Families and DNA Samples

We examined fifty highest-dose-exposed families (the exposed

group) with 64 children and 50 control families with 60 children. Among

the 64 children in the exposed group, only one child had parents who were

both exposed 17). Thus a total 65 gametes were derived from exposed

parents. The mean gonadal dose of the 65 exposed gametes was 19 Sv

(2, 18, 19) . The other parent in the exposed group and parents in the control

group were either exposed to less than 0. 01 Sv or zero Sv (i.e. they were

not in Hiroshima or Nagasaki city at the time of the bombings) We used

a neutron RBE value of 2 for integration of the neutron dose that comprises

less than 1% of the total dose 218,19). Because most of the children

in the exposed group were born >10 years af ter the bombings, these children

are assumed to be derived from gametes irradiated as spermatogonia or

as resting oocyte 17).

The cell lines were established by Epstein-Barr-virus

transformation of the peripheral Blymphocytes 17). DNA samples from

these cell lines were used to screen for mutations. DNA samples from

granulocytes or from uncultured lymphocytes were used to confirm the

suspected mutations.

2.2 DNA analysis and Minisatellite Probes

Nine single-locus minisatellite probes were used: TM-18 20),

ChdTC-15 21), Pc-1 22,23), Xg3 24), ;LMS-1 (11), pYNH24 925), CEB-1

(26), CEB15 27) and B6.7 28). One multilocus minisatellite probe,

15.1.11.4 was used. This probe contains only the core repetitive

sequences of multilocus minisatellite probe, 33.15 6.

Mutations at minisatellite regions can be observed as changes in

the repeat number. Therefore all DNA samples were digested with

restriction enzymes Hinf I or AluI, which have no recognition sites within

the repeat sequences.

For screening for mutations with nine single-locus minisatellite

probes, samples of DNA (5 �Lg) were digested with Hinf I and electrophoresed

on a 25-cm-long, 1. 0% agarose gel. The DNA fragments separated according

to size were then transferred to nitrocellulose filters, BAS85 (S&S).

The filters were used sequentially to hybridize with each single-locus

probe. For hybridization with the multilocus probe, 10 �Lg of DNA samples
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were digested and separated on a 50-cm-long 13% agarose gels by using

a vertical electrophoretic apparatus to increase resolution of the bands

(2 9 

Each probe was labeled with a_ 32 P-dCTP by using a multiprime

labeling system (Amersham) . Hybridization was perform at 650C for 16 hours.

Filters for each single-locus probe were washed three times at 65C in

0.5 X SSC- 0.1 % SDS. Filters for multilocus probe were washed at 00C

with X SSC- 0.1 % SDS.

3.Results

In the first step of this analysis, I compared the pattern of bands

obtained by electrophoresis of Hinf I-digested DNA prepared f rom the cells

of children with the pattern seen for the parents. Bands that were present

in the digest of DNA from the children's cells that were absent in the

DNA of both parents were tentatively denoted as being mutant alleles,

subject to verification by retesting the same DNA sample with uI. DNA

samples from uncultured lymphocytes or granulocytes were examined to rule

out the possibility that the band sift observed had been generated during

the establishment of the B-cell line rather than being an authentic

mutational difference between the parents and child.

An example of CEB-1 mutation is shown in Figure 2(A). The band

at 2 kb in the child indicated by an arrow must have been inherited from

the father because the other 1.2-kb band was from the mother. However,

the f ather does not bear the 2 0-kb band. Thus, this must be a new mutation.

Because the father in this family (F5150) was exposed, this mutant allele

was derived from the exposed gamete. Table summarizes the result of

mutation rates detected by nine single-locus minisatellite probes. In

this screening, nine mutations were detected in a total of 565 alleles

originating from the 65 exposed gametes (1 6) and thirty six mutations

were detected in 1612 alleles from the 183 unexposed gametes 22%)

Therefore, there was no significant difference in the mutation rates

between the two groups.

An example of DNA fingerprint pattern detected by the multilocus

probe, 15.1.11.4 is shown in Figure 2 B) . In this experiment, only bands

larger than 35 kb were used because so many bands appeared in the regions

of less than 35 kb that distinguishing differences was difficult and

unreliable. All of the bands, except for the one indicated by an arrow

at position 5.8 kb, could be assigned as having derived from one of the
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parent. It is not possible with this kind of probe to determine the parental

origin of this new-length allele. Consequently, only comparisons between

the exposed and control groups could be made but mutation rate per gamete

could not be determined. In the present experimental conditions 3 kb

or larger regions) 14 of 1080 bands were detected as mutant in the exposed

group (1 3) and 14 out of 1024 were detected in the control group (1 4)

(Table2). Theresultsdidnotshowanevidencefortheincreasedmutation

rate at minisatellite loci detected by the multilocus probe.

4. Discussion

Using single-locus minisatellite probes and one DNA fingerprint probe,

we conducted pilot studies on germ-cell mutation rates among the children

of A-bomb survivors and observed no evidence for radiation effect in the

mutation rates (Tables and 2 However, Dubrova et al. studied germinal

mutations at minisatellite loci by using almost the same probes as we

did among children born to the parents living in the heavily contaminated

areas by radioactive fallout in Belarus after the Chernobyl accident,

and reported a significant increase in the mutation rate 12-14). The

number of children studied by them was slightly larger than ours, whereas

the mean parental dose was much higher in our study (1 9 Sv versus 27 6

mSv) . Since the experimental conditions were almost identical, it is

difficult to attribute the different results to the difference in the

methods used. As for the possible reasons for the discrepant results,

we have pointed out the importance of choosing the control group and the

different exposure modality 30) . The control group used in the study

of Dubrova et al. consisted of individuals residing in the UK, not those

in the non-contaminated area close to Belarus. Regarding the exposure

modality, Hiroshima and Nagasaki survivors were exposed to high-dose

acute radiation, while those in the radiation-contaminated areas in

Belarus were exposed to low-dose chronic radiation (Table 3.

Recently, with respect to the children born to fathers who

participated in the cleanup work after the Chernobyl accident, two groups

reported the results of studies using single-locus minisatellite probes

(15, 16) . Thus total f our dif f erent research groups reported the results

of the radiation effects on mutation rates at the minisatellite loci,

and Table 3 summarized various inf ormation of these studies 12-17, 29, 30)

Three groups reported radiation effects after acute exposure and none

of these studies f ound a signif icant evidence f or the increase in mutation
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rates. It is interesting to mention that, in one of these eports,

Livshits et al. selected, as a control population, families of the same

race and with similar lifestyle who lived in non-contaminated areas in

the same south Ukraine (15) . To clarify the inconsistency between their

result and that of Dubrova et al. 12-15), they compared mutation rate

of the south Ukrainian control with that of the United Kingdom control

used by Dubrova et al. and reported that the mutation rate of the control

group in the south Ukrainian compared to the UK control group was 135

times higher (15) . They found that the mutation rate of the exposed group

in Belarus and that of the south Ukrainian control were not significantly

different (15), (but the rate in Belarus tended to be higher). This

indicates that, as we have already pointed out, the possible influence

of other contaminants such as industrial and agricultural pollutants,

virus infections, lifestyle,'and race should not be ignored 30).

Although no increase in the mutation rate was observed in the case

of heavily acute exposure to A-bomb or ionizing radiation after the

Chernobyl accident (Table 3, there is a trend of dose-related increase

in the mutation rate even after exclusion of the control group in the

case of low-dose chronic exposure (about 1/80 level of A-bomb survivors)

(12-14). These results seem to be contrary to the result observed in

specific loci in mice by Russell et al., that is chronic irradiation was

less effective than acute exposure 31). Russell et al. explained that

acute exposure saturates the DNA repair capacity, but with chronic

exposure the repair mechanisms are less af f ected and a higher proportion

of the damage can be repaired 32). However, recently, Dubrova et al.

reported that within the dose range 0.5-1 Gy there was no evidence for

a difference between chronic and acute exposure to low-LET radiation and

suggested that the elevated mutation rate in mouse minisatellite loci

maybe independent of the ability of the cell to repair 33) . But further

study will be necessary to determine if chronic exposure is more ef f ective

than acute exposure in induction of human minisatellite mutations.

Using a mouse system, Sadamoto et al. examined the induction of

germline mutation at the minisatellite locus detected by a mouse probe,

Pc-1 (Ms6-hm) after paternal irradiation, and reported that post-meiotic

stages (i.e. spermatid and sperm) were the most radiation-sensitive

(34-36). In contrast, using a different strain of mice, Dubrova et al.

reported increased mutation rates only after irradiation of pre-meiotic

cells (i.e. spermatogonia) 14,37,38). The reasons for the discrepant
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observations are not understood. As the induced mutation rate were on

the order of percent that is too high to be accounted for by the direct

hit of the target sequences by radiation 34), Sadamoto et al. proposed

that any DNA damage in the genome could trigger the genome-wide genetic

instability to increase the mutation rate at the minisatellite loci

(indirect hit model) 34-36) . For elucidation of human stage specificity

induced by radiation, Livshits et al. (15) divided the children of the

exposed families into two groups; children derived from conceptions

during the fathers' cleanup work or within two months after finishing

the work (i.e. derived from gametes exposed after meiosis, or spermatid:

Subgroup 1) , and children derived from conceptions more than four months

after fathers' radiation exposures (i.e. gametes exposed before meiosis

or spermatogonia: Subgroup 2 They reported that the mutation rate was

higher in Subgroup compared to Subgroup 2 (although not statistically

significant) (15) . In contrast, Kiuru et al. 16) compared the mutation

rates among the children born to f athers who were Estonian cleanup workers,

that is, between those who were born within 49 weeks after the fathers'

work and those born more than 4 9 weeks after the work, and found no evidence

for the dif f erence in mutation rates between the two groups, but the trend

of increased mutation rate was observed in the latter (conception after

pre-meiotic exposure) Further, May et al. conducted a study of mutation

frequency in sperm from patients who had their seminomas treated with

radiotherapy and showed no evidence for mutation induction af ter exposure

to acute radiation at any stages in the male germ cells 39) . In summary,

with respect to male exposures to acute radiation, results on mice, A-bomb

survivors, cleanup workers, and seminoma patients are inconsistent. If

these were related to different genetic backgrounds of the subjects, it

would be interesting to elucidate the underlying mechanisms leading to

genetic instability.

There are various models to explain the processes of human

minisatellite mutations, but all of them suggest that instabilities are

driven by recombination-based mechanisms probably during meiosis and they

appear to be controlled by recombination activity in meiotic

recombination hot-spots co-existing with minisatellites 4 044) . Thus,

radiation-induced minisatellite mutation may result from an increase in

genome-wide activation or recombination through recombination hot-spots

(15) . If the meiosis-dependent genetic instability lasts for only a short

period, radiation exposure would affect only cells that are under or
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immediately before meiosis, and it is understandable that the acute

exposure may fail to detect radiation effect.

Last, all the studies including humans (except for A-bomb survivors)

and animals after acute exposure consist of male irradiations (Table 3,

and little is known about mutation induction rate in oocytes. It is

therefore interesting and important to know how genetic instability in

the minisatellite region can be af f ected by exposure dose rate, the stage

of the irradiation in gametogenesis, and exposure of single parents or

both parents. Elucidations of these points remain as future tasks.

5. Conclusions:

There were no significant differences in mutation rates at

minisatellite loci between the exposed group comprising 64 children born

to the exposed parents over 10 years after the bombings at Hiroshima and

Nagasaki and the control group comprising 60 children. Present results

and other reports on the children of the Chernobyl liquidators indicate

that hypervariable minisatellite loci do not provide useful information

on germ cell mutations after acute radiation exposures.
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Figure 2.

Mutations detected at the CEB- 1 locus (A) and in the DNA fingerprint

All DNA samples from two families, F5150 and F0861 were digested with

HinfI and electrophoresed as described in Materials and Methods. The

DNAfingerprintpattern (B) wasproducedbyusingthemultilocusprobe,

15.1.11.4.

Arrows indicate mutant alleles. The asterisks (*) indicate the

exposed parents. Mo; mother, Fa; father, Da; daughter, and the

numbers shown on either side of the panel indicate DNA sizes in kb.
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Table 

Mutation rates at nine minisatellite loci of
children of A-bomb survivors

Mutation rates
Locus

Exposed gametes Unexposed gametes

PC-1 0/65 0/183
ATM-18 0/65 0/183
ChdTC-15 0/65 0/183
pYNH24 0/56 0%) 1/172 0.6%)
pAg3 1/65 (1.5%) 0/183 0%)
AIMS-1 1/65 (1.5%) 11/183 6.0%)
CEB-1 4/65 62%) 11/183 6.0%)
CEB-15 0/63 (O 6/6) 7/182 3.8%)
B6.7 3/56 54%) 6/160 3.8%)

Total 9/565 (1.6%) 36/1612 2.2%)

Table 2

Mutations in DNA fingerprints of the children of
A-bomb survivors

Group No. of Total no. of bands* Bands* No. of Mutation rate
children In children per child mutations per band

exposed 64 1,080 16.33 14 0.013

control 60 19024 17.07 14 0.014

A probe 15.1.11.4), which Includes the core region from the multiloctis minisatellite probe
33.15,,was used to detect the DNA fingerprints.

*DNA fragments larger than 3.5 kb were counted.
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4.5 In vivo mutation analyses of mice lacking MTHI a protein responsible for eliminating
mutagenic nucleotides caused by oxygen radicals

Teruhisa Tsuzukil, Akinori Egashira', Kazumi Yamauchi', Kaoru Yoshiyama 1,2 Asako
lsogawa', Yasuhide Yoshimura', Yoshimichi Nakatsu', Mutsuo Sekiguchi3 , and Hisaji Maki2

' Department of Medical Biophysics and Radiation Biology, Gaduate School of Medical
Sciences, Kyushu University, Fukuoka 812-8582, Japan
2 Department of Molecular Biology, Graduate School of Biological Sciences, Nara Institute of
Science and Technology, Ikoma 63 0-01 0 1, Japan
' Department of Biology and Frontier Research Center, Fukuoka Dental College, Fukuoka
814-0193, Japan

Abstract
Oxidative damage of nucleotides within DNA or precursor pools caused by oxygen radicals is
thought to play an important role in spontaneous mutagenesis, as well as carcinogenesis and
aging. In particular, 8-oxodGTP and 2-OHdATP are potent mutagenic substrates in DNA
synthesis. Mammalian MTHI is responsible for hydrolyzing both of these mutagenic
substrates, suggesting that it functions to prevent mutagenesis caused by these oxidized
nucleotides. Using gene-targeting, we established MTH1-/- mice which lack 8-oxodGTPase
activity. To examine in vivo mutation events due to the MTHI-deficiency a reporter gene,
rpsL of Escherichia coh, was introduced into MTHl-/- mice. Interestingly, the net frequency
of rpsL- forward mutants was not increased both in spleens and livers of MTH1-/- mice as
compared to MTHI+/+ mice. However, we found differences between these two genotypes
in the class- and site-distributions of the rpsL- mutations recovered form the mice. Unlike
MutT-deficient E. coli cells, an increase in frequency of A:T to C:G transversion was not
evident in MTHI nullizygous mice. Nevertheless, the frequency of single-base frameshifts at
mononucleotide runs was 5.7-fold higher in spleens of MTH1-/- ice than that of wild type
mice. Two hot spot sites for G:C to A:T transitions were found specifically in the mutation
spectrum in livers of MTHI nullizygote mice. Since the elevated incidence of single-base
frameshift at mononucleotide run appeared to be a diagnostic characteristics for the defect in
MSH2-dependent mismatch repair system, it seems possible that the weak and site-specific
mutator effect of MTHI-/- mice is probably due to a partial sequestration of the mismatch
repair function that may act to correct mispairs with the oxidized nucleotides. In consistent
with this hypothesis, a significant increase in the frequecy of G:C to T:A transitions was
observed with MTHI-/-MSH2-/- mice. These results suggest a possible involvement of
multiple anti-mutagenic pathways, including the MTHI protein and other repair system(s) in
mutagenesis caused by 8-oxodGTP and 2-OHdATP.
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4.6 Structural View of Mismatch Base-pair Recognition by a DNA Repair Protein

Susan E. Tsutakawa and Kosuke Morikawa, Departments of Structural Biology, Bornolecular

Engineering Research Institute (BERI) 62-3 Furuedal, Suita, Osaka 565-0874, Japan

The crystal structure determination of T4 endo V pyrimidine photodimer DNA

glycosylase provided the first direct view of DNA lesion recognition by a repair enzyme ).

Similar damaged DNA recognition modes, involving base flipping-out, were observed in

various base excision repair enzymes 2). The implications of the base flipping out raised the

new question of how DNA endonucleases other than base excision repair enzymes recognize

mismatched base pairs. The E. coli very short patch repair (Vsr) endonuclease is a good target

to address this question in terms of three-dimensional structures.

The Vsr endonuclease is involved in the initial reaction for the repair of mismatched

TG base pairs generated through the spontaneous dearnination of a methylated cytosine. This

enzyme recognizes a TG mismatch within the duplex 5CT(A/T)GQ where the second T

forms the mismatch and all of the other bases are in standard Watson-Crick base pairing. It

catalyzes the cleavage at the 5' side of the thymine, leaving a ' phosphate and a 3 hydroxyl

at the termini.

The crystal structure of a truncated form of this endonuclease was determined at 1.8

A resolution 3 The protein was found to contain one structural zinc binding module.

Unexpectedly, its overall topology resembles members of the type II restriction endonuclease

family, although the catalytic center with critical histidines is distinct from those of restriction

enzymes. More recently, the crystal structure of Vsr endonuclease, in complex with Mg 2+ and

with duplex DNA contain ing a TG mismatch, has been determined at 23 A resolution 4).

This endonuclease has been found to employ a novel mismatch base pair recognition scheme

which does not involve base flipping-out. Extensive interactions between the DNA and the

protein characterize the recognition mechanism, where three aromatic residues intercalate

from the major groove into the DNA to strikingly deform the base pair stacking. An amino

terminal -helix is accommodated into the expanded minor groove so that the amino acid

side chains make additional contacts with the DNA duplexes. With the presence of a cleaved

DNA intermediate in the active center, the structure of the Vsr/DNA complex provides

detailed insights into the catalytic mechanism for endonuclease activity.

References
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4.7 The hydration structure of DNA and proteins

Nobuo Niimura

Advanced Science Research Center, Japan Atomic Energy Research Institute,
Tokal-mura, Naka-gun, lbaraki-ken, 319-1192, Japan

Water-soluble proteins are surrounded by water molecules and the water molecules

mediate the biological processes: i.e. the protein folding, the enzymatic reaction, the

molecular recognition via hydrogen bonds, electrostatic interactions and van der

Waals interactions. It is essential to know the structural nformation such as

orientation and dynamical behavior of water molecules including hydrogen atoms

in order to characterize these interactions. X-ray crystallography and NMR

spectroscopy are the powerful methods for determining the three-dimensional

structure of proteins, however generally speaking it is very difficult for them to

determine the positions of all the hydrogen atoms accurately. The recent extremely

high-resolution (din < 1.0 A) X-ray crystallography might identify a certain

hydrogen atoms, but there has been no report that hydrogen atoms of water

molecules could be observed even by the method. In contrast, the neutron analysis

can determine the positions of the hydrogen atoms at the medium resolution in the

protein crystallography (dj. �z 20 A) as already reported by us and other

Z3,4 1 -resolution neutronauthors Recently we have constructed the hgh

6,7diffractorneter (BIX-3) dedicated for the biological macromolecules5, By using

this diffractorneter, the high resolution (1.5 or 16 A) neutron structure analyses of a

in fusperm whale myoglobin a wild-type rubredoxi from Pyrococcus Plosus, and the

rubredoxin mutant have been successfully carried out and their hydration structures

including hydrogen atoms have been observed. Figure I shows one example of the

hydration structure of the myoglobin. Hydrogen (deutenurn) atoms in the water

molecule can be clearly identified in two boomerang-shaped water molecules and

the forming of the hydrogen bonds between the two water molecules can be
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recognized well. At the same time it is very interesting that in the outside of the two

boomerang-shaped water molecules, there found a ball-shaped water molecule.

Moreover other shapes of water molecules in the hydration structures have been

found in other places.

(11n neutron diffraction experiments, proteins are generally crystallized or

soaked in D20 solution in order to avoid the very strong incoherent neutron

scattering from hydrogen atoms of H20 in a crystal. In this report water molecule

means D20 but not H20.)

We have categorized these water molecules into the following classes with naked
11 2 -bell or stick

eyes: ) boomerang or tiangle shape, (") mushroom shape ,(iii) dumb

shape and (iv) ball shape. We found that the classification reflects the feature of

bonding formation of hydration structure and the dynamic behavior of a water

molecule. The typical example of the boomerang or tangle shape is shown in Fig.

2(a), where the blue and red contours indicate 2jFoj-jFcj maps of neutron and X-ray,

respectively. The oxygen position observed by X-ray and neutron coincide within

the experimental error. Two deuterium atoms and an oxygen atom of the water

molecule are bound to the atoms of the nearest oxygen and/or nitrogen and

deuterium atom respectively and the orientation of the water molecule is defined

well. The typical example of the mushroom shape is shown in Fig. 2(b), where the

blue and red contours indicate 2Foj-jFcj maps of neutron and X-ray analyses,

respectively. The oxygen position observed by X-ray locates the end of the

hydration structure observed by neutron. And only one deuterium atom could be

observed, so this hydration is classified into a mushroom shape. The only one

deuterium atom and an oxygen atom of the water molecule are bound to the atom of

the nearest oxygen or nitrogen atom and the deuterium atom respectively but the
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other deuterium atom is not bound to the other atom because of the molecular

rotation around the fixed -D bond. The typical example of the dumb-bell or stick

shape is shown in Fig. 2(c), where the blue and red contours indicate 2jFoj-jFcj

maps of neutron and X-ray, respectively. The oxygen position observed by X-ray

locates in the middle of the maps and two deuterium atoms could be observed well

by neutrons so well and the whole shape is stick, so this hydration is classified into

a dumb-bell or stick shape. Two deuterium atoms of the water molecule are bound

to the atom of the nearest oxygen and/or nitrogen atoms but the oxygen atom is not

bound and its position cannot be defined because of the molecular rotation around

the fixed D-D axis. The typical example of the ball shape is shown in Fig. 2(d),

where the blue and red contours indicate 2jFoj-jFcj maps of neutron and X-ray,

respectively. Only one atom of the water molecule is bound to the atom of the

nearest oxygen, nitrogen or deuterium atom and only the center of the gravity of the

water molecule can be defined because the water molecule rotates itself around the

center of gravity of the molecule or it is disordered in oentation. The number of

hydration, which belongs to each category, is summarized in table 1. The boundary

between two categories is not always so clear. However it is shown that the

classification based on the bonding is reasonable, because the average numbers of

bonding of boomerang or triangle shape, mushroom shape, dumb-bell or stick shape

are 27 17 and 17, respectively.

The dynamic behavior becomes more clear when the B-factors obtained by

neutron and X-ray are plotted as shown in Fig. 3(a), where the B-factors obtained

by neutron and X-ray are the averaged ones of three atoms (D, 0 and D) and the

one of the oxygen atom only, respectively. The B-factors of oxygen atoms of

hydration water molecules obtained by X-ray distributes from 13 2 to 45 A 2, and

it is shown that the water molecules of the small, intermediate and large B-factors
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belong to the boomerang shape, mushroom and stick shape, and ball shape,

respectively. We must point out the important remark in plotting Fig. 3(a) that the

contour maps obtained by neutron include the nformation of the whole structure of

D20 inherently. Otherwise the complete wrong results are obtained as shown in Fig.

3(b), where only the apparent atoms are included. The extreme case occurs in a ball

shape, where only an oxygen atom of D20water molecule is considered in case of

a ball shape in the neutron structure analysis of a water molecule instead of the

whole structure of D20. Figure 3(b) shows no correlation between B-factors

obtained by neutron and X-ray analyses unlike Fig. 3(a). Moreover the B-factors of

ball shape water molecules would be comparable of those of a boomerang shape

water molecule. We conclude that the hydration structure of the ball shape means

the free rotation of the whole water molecule even though the hydration looks like

a ball of an oxygen atom like a case of X-ray results.

It is very interesting to make clear the concept of the hydration layer and the

correlation between the shape and the location of a water molecule. So far there

found no significant correlation.

It has been concluded that hydration structure observed by the high-resolution

neutron protein crystallography provides where a water molecule locates, and how

it binds to the neighbor atoms, and how it behaves.

Methods

Neutron diffraction experiments of ( a sperm whale myoglobin, (11 a wild-type

rubredoxin from the marine hyper-thermophilic archaebacterium Pyrococcus

furiosus and (iii) its "triple mutant" including three mutations (Trp3 to Tyr3, Ile23

to VaI23 and Leu32 to Ie32) have been carried out with a dffractorneter BIX-3
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installed at RR-3M in JAER15 6,7 . The neutron wavelength as 2.35A. The

diffraction data were processed with t he program DENZO and SCALEPACK8.

The structure determinations were performed with the refinement programs X-

PLOR9 and CNS1O. The peaks of the deuterium and the oxygen atoms in the water

molecules were located using the difference Fourier maps displayed on the graphic

workstation with the graphic program 011, Frode 12 and XtalView 13 . The positions

of the oxygen atoms were determined according to the results of the X-ray analysis.
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Figure 1. The 2jFoj-jFcj maps of hydration water molecules in myoglobin

observed by neutron protein crystallography.
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Figure 2 The 2Foj-jFcj maps of hydration water molecules in rubredoxin

mutant observed by neutron protein crystallography. (a) Boomerang shape
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Figure 2 (d) ball shape. The diagrams were drawn with the program Raster3DI4
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4.8 Bio-simulation and its Contribution to the Research in Radiation Carcinogenesis.

Miroslav Pinak

Japan Atomic Energy Research Institute, Radiation Risk Analysis Laboratory, Shirakata,

Shiran 24, 319-1195 Tokai, Ibaraki, Japan

Tel.: 81-29-282-5583, fax: 81-29-282-6768, -mail:pinakalismwsOOl.tokai.jaeri.go.jp

Abstract

The molecular dynamics (MD) studies of the two oxidative lesions on the DNA

molecules are presented with the respect to the proper recognition of the lesion by

the respective repair enzyme. The pyrimidine lesion - thymine glycol and purine

lesion - 8-oxoguanine were subjected to the MD imulations for several hundreds

picosecond (ps) using MD simulation code. AMBER 5.0 and its respective force field

modified for each lesion. The simulations were performed as all atoms simulations

for fully solvated solute molecules in water. The negative charges of DNA

phosphates were neutralized by sodium counterions Nal that are essential for the

double helical structure.

In both cases the significant structural changes in the DNA double helical structure

were observed: a) the breaking of hydrogen bonds network between complementary

bases and resulting opening of the double helix (8-oxoguanine); b) the sharp bending

of the DNA helix centered at the lesion site (thymine glycol); and the flipping-out

adenine on the strand complementary to the lesion (8-oxoguanine). These changes

were related to the overall collapsing double helical structure around the lesion and

may facilitate the docking of the repair enzyme into the DNA and formation of

DNA-enzyme complex. The stable DNA-enzyme complex is necessary condition for

the onset of the enzymatic repair process.

Keywords: Molecular dynamics, thymine glycol, 8-oxoguanine, radiation risk

1. Introduction

In order for specific DNA transcription to occur, recognition and binding at specific

sites on DNA by regulatory enzymes is essential. In addition to specific DNA

transcription, the functioning of repair enzymes removing the damaged DNA parts

is very important to ensure correct e11 proliferation and to eliminate potential

mutagenic cells. Several nucleotide sequences of specific DNA binding sites that are

involved in gene transcription regulation have been described, suggesting that a
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code for recognition between DNA regulatory and repair enzymes and DNA sites

exists [1 2 3 4 Considerable information regarding enzyme/DNA interaction has

been gained from biological experiments. In several of these systems, both

prokaryotic and eukaryotic a DNA recognition alpha helix within the enzyme Is

DNA binding domain has been observed [5, 61 It is known that sequence specific

DNA binding by repair and regulatory enzymes occurs as a result of multistage,

hydrogen bonding and van der Waals interactions between the DNA recognition

amino acid chains of enzyme and nucleotide base sites of DNA. However, the

underlying mechanisms by which enzymes recognize specific or damaged sites on

DNA is the subject of debate [e.g. 7 81. In the present paper there, are reported the

results of molecular dynamics (MD) simulations of two Dna lesions - thymine glycol

and 8-oxoguanine- DNA lesions. Where available, the simulation data are compared

with experimental (X-ray and NMR crystallography) results.

2. Method

In MD tudies the molecular dynamics technique is the main tool. Since a DNA

molecule is not rigid, static structure, the x-ray diffraction and NMR results usually

show average structural parameters. In reality, every DNA molecule is under

constant thermal fluctuations, which result in local twisting, stretching, bending

and unwinding of the double helix. In this aspect, the molecular dynamics that is a

simulation technique that yields static and dynamic properties of a molecular

system, may provide. useful scientific data showing the DNA in its dynamical mode.

The classical MD is based on solving of Newton's equations of motion for each atom

in the system. This way it is capable to simulate the behavior of a system consisting

of N atoms. Solving of these equations produces new atomic coordinates that can be

used to calculate a new set of forces. Static and dynamic properties of the system

are then obtained as a time averages over the trajectory. For the simulations the

molecular dynamics program package AMBER 5.0 was used 9].

In simulation simulated molecules are subjected to several hundred picosesond (ps)

up to 12 nanosecond (ns) of MD simulation using a molecular dynamics protocol

consisting of the following sequential steps:

1. Preparation of solute molecules). Solute molecules are usually the non-damaged

DNA segments having certain part replaced by lesion (e.g. 8-oxoguanine). The

structural and chemical parameters of the lesion must be defined prior insertion

of modified part into the solute molecule. These parameters as are. lengths of

chemical bonds, angles and charges may be taken from existing experimental
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data where available, or for small molecules may be alculated by quantum

chemical methods. The structure of modified solute molecules is then optimized

in order to achieve stabile molecular configuration with minimal potential energy.

2. Locating the solute, molecule into the simulation cell.

3. Neutralization the negative charges of DNA phosphates by adding the sodium

counterions at the initial positions bisecting the -P-0 angle at certain distance

(e.g. -5 A) from each phosphorus atom.

4. Solvation of the solute molecules in the water (several 10 thousand water

molecules are usually used to solvate solute molecule).

5. Minimization of the potential energy of the system.

6. Heating up to a required temperature (e.g. 310K (36.8500, human body

temperature) during sequential MD runs.

7. Stabilization the density of the system during constant pressure MD runs.

8. Production molecular dynamics with constant volume.

2.1 Computational details

Solvation of solute molecule usually requires large number of water molecules that

increase the requirements on the capacity of RAM and CPU time. To be able to

handle such large systems, the original AMBER 5.0 code was partly parallelized

and then installed on FUJITSU VPP5000 vector/parallel supercomputer using

auto-vectorizing compiler. Its sequential and parallel flags were also changed in

order to compile program on the VPP5000 computer. After introducing these

.Changes and after required resizing, the current program is capable to deal with

system consisting of up to 100,000 atoms within reasonable CPU time. Production

MD simulations are performed on the Fujitsu VPP5000 supercomputer or on the

Hitachi SR8000 parallel supercomputer. Preparatory steps as formation of solute

molecules, minimization, heating and density stabilization are performed on the

scalar workstations (SUN). Supercomputers that are used in simulations are at

the Center for Computational Science and Engineering of the Japan Atomic Energy

Research Institute. The samples of CPU simulation time required to accomplish I

ps of MD are shown in Table .

In MD simulation the constant dielectric function are used and 14 electrostatic

interactions (electrostatic interactions separated by only three bonds) are scaled by

factor 12 (recommended value for AMBER 5.0 force field). Particle Mesh Ewald Sum

technique is used as in implemented in AMBER 5.0 [101. In this method a Gaussian

charge distribution of opposite sign is superimposed upon the original point charges,
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producing a screened charge distribution. The electrostatic interaction between the

screened charges is then short ranged. The original distribution is recovered by adding

a second Gaussian charge distribution identical to the first, but of opposite. sign. In the

calculation of electrostatic interactions no cut-off distance is applied and thus all water

molecules in system were included. The van der Waals interactions are calculated

within the defined cut-off distance (usually 10-12A). Periodic Boundary Conditions are

applied throughout the entire simulation.

Table. 1: Execution time required to accomplish the I ps of MD simulation of the

system composing of nearly 40,000 atoms in total.

vector mode means execution by auto-vectorized compilation,

vectorization ratio is 96%

execution time is the elapsed time

pseudo-vectorization function, i.e. fast supplying of the data from the

memory for the CPU processing.

Machine SUN BLADE SR8000 VPP5000

1000, scalar scalar-parallel vector-parallel

Execution time**

CPU (75OMHz), scalar 248 sec.

I CPU (VU-9.6Gflops, 2434 sec.

333MHz), scalar

I CPU, vctor* 286 sec.

4 CPU, vector'parallel 91 sec.

1 CPU (1.56Gflops, 375 1914 sec.

MHO, scalar

I node (8 CPU), 316 sec.

parallel'

4 node (32-CPU), 179 see.

parallel'

86 -



JAERI-Conf 2002-005

3. Results of MD simulation technique applied for several DNA lesions

3.1 Tymine g_ycol 56-dihydroxy-5.6-dihvdro-pyrimidine - is observed in DNA

after irradiation in vitro as we-II in vivo and after oxidation by chemicals (Figure

D.

6

H20

.Ar",

Figure I Molecule of the thymine glycol (5,6-dihydroxy-5,6-dihydrothymidine).

Thymine glycol is known as causing Cockayne Syndrome - an inherited disorder

in which people are sensitive to sunlight, have short stature and have the

appearance of premature aging. It is repaired with the repair enzyme

Endonuclease 111, which removes a number of damaged pyrimidines from DNA

via its glycosylase activity and also cleaves the phosphodiester backbone at

apurinic/apyrimidinic sites via an 13-elimination mechanism. To study the time

evolution of the recognition processes of TG lesioned DNA by repair enzyme

Endonuclease III the 2 ns of MD simulation of the following molecules were

performed: DNA 30-mer d(CCAGCGCACGACGCA!TG'GCACGACGACCGGG)2

where TG' refers to thymine glycol; and repair enzyme Endonuclease III [11,

121.

Analysis of the results of I ns MD simulation shows that the double helical

structure and hydrogen bonding are, well kept through the simulation (except

the base pair of ytosine C5'- guanine C3'end, in which hydrogen bond pairing

collapsed after 850 ps). DNA began to bend at thymine glycol site after 500 ps of

MD and bending continued until simulation was terminated at I ns. At the TG

site, the kink was observed, that relocated TG closer to DNA surface. Bending

associated with kink at TG ste dislocated glycosyl bond at C5' atom closer to
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DNA surface, enabling it to be eventually approached by repair enzyme, (Figure

2).

G C3 40§squ0 Ps 200 ps

4 Ps

Figure 2 Snapshots of DNA molecule during the course of MD simulation. DNA

molecule is shown from the same side and angle with respect to

simulation box. The cytosine C5' end and guanine C end of DNA

molecule are shown. It is seen that molecule at 600, 800 and 1000 p is

bent and kinked at the thymine glycol site (shown as a Connolly surface).

Bending is expressed as the value of angle measured between phosphates

of the guanine (position 41), thymine glycol (position 16) and guanine

(position 13); (numbers in degrees).

3.2 8-oxowuanine 78-dihy&-o-8-oxo--uanine - is formed by oxidation of a guanine

base in DNA, (Figure 3 It is considered to be one of the major endogenous

mutagens contributing broadly to spontaneous cell transformation. Its frequent

mis-pairing with adenine during replication increases the number of G-C + T-A

transversion mutations. This mutation is among the most common somatic

mutations in human cancers.
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N2 N3

N9

C

Figure 3 Molecule of nucleotide with 8-oxoG

The 8-oxoguanine is recognized and subsequently re-paired by the DNA

glycosylase hOGG1 in humans). DNA glycosylases acting on single-base lesions

use an extrahelical repair mechanism during which enzyme recognizes oxidative

damaged guanines and excludes normal DNA bases. The study on the

8-oxoguanine lesion was aimed to scri e structure an energetic c anges on

the DNA molecule that are caused by this lesion, and to discuss how these

changes may be significant in formation of a complex with the repair enzyme.

The method of study was MD simulation 2 ns) of the two B-DNA molecules

(native DNA 15-mer, d(GCGTCCAGGTCTACC)2 and 8-oxoG lesioned DNA

15-mer, d(GCGTCCA!8-oxoG'GTCTACC)2.

In the 8-oxoguanine lesioned DNA molecule the disruptions of weak hydrogen

bonds between respective bases caused locally collapsed B-DNA structure.

While the hydrogen bonds between 8-oxoguanine and opposite cytosine 23 are

well kept, the neighboring base pairs adenine 7 - thymine 24, and guanine 9 -

cytosine 22) are broken. The hydrogen bonding of base pair thymine 1 -

adenine 21 cease to exist very early (after around 50 ps of MD simulation),

(Figure 4 In the case of the native DNA the B-DNA structure around native

guanine is well preserved.

Adenine 21 on the complementary strand (separated from 8-oxoguanine by 

base pair) is completely flipped-out of DNA double helix (Figure 4 This

extrahelical position is caused by the disrupted hydrogen bonds and by the

strong electrostatic repulsion between the atoms in the region after ns of MD.

The cytosine 22 is also severely dislocated form its intrahelical position and its
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hydrogen bonding to guanine 9 is not existing. The extrahelical position of

adenine 21 forms a hole in the double helix that may favor docking of repair

enzyme into DNA during repair process. The flipped-out base may also be

inserted into the nzyme cavity further ensuring the stability of DNA-enzyme

complex 1131.

Figure 4 Flipped-out adenine 21 on the complementary strand to strand with

8-oxoG. The figure also indicates nonexistence of hydrogen bonds between

guanine 9 and cytosine 22, since the cytosine 22 is severely dislocated from

its intrahelical position.

4. Contributions of the current MD studies to radiation risk research

Ionizing radiation damages DNA and causes mutation and chromosomal changes in

cells and in organisms. Certain type of damages to DNA can lead to ell

transformation or to cell death. Radiation as well other chemical agents may

damage DNA molecules several ways, directly or indirectly by interaction with DNA

itself or with its environment. Some damages caused by ionizing radiation are

chemically similar to damage that occurs naturally in the cell: this "spontaneous"

damage arises from the thermal instability of DNA as well from the endogenous and

enzymatic processes. Several metabolic pathways generate. oxidative radicals

within the cells, and these radicals can attack DNA to give both DNA damage and

breakage. The significance of effective repair of these damages comes from the two

facts:

a) DNA is repository of hereditary information

b) DNA is blueprint for operation of individual cells

Considering these important features, it can be concluded that nearly all DNA

damage is harmful. Therefore it is essential to reduce this damage to a tolerable
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level and the importance. and the complexity of a DNA repair can be seen form the

facts that:

a) DNA is the only biomolecule that is specifically repaired, all the others are

replaced;

b) More that 100 genes participate in various aspects if DNA repair, even in

organisms with very small genomes;

O Cancer is caused by mutations. In most cases, the genetic instability"

(elevated mutation rate.) is required to permit accumulation of sufficient

mutations to generate cancer during a human lifetime. DNA repair

mechanisms promote genomic stability and prevent cancer. Many, perhaps

most, cancers are thus at least partially attributable to defects in DNA

repair.

Numbers of human genes encoding enzymes involved in repair process of DNA have

been already discovered (e.g. hRAD51, XRCC4, hRAD52, hREV3, hNTH, hGG1,

etc.). These enzymes are involved in DNA repair via several pathways and are

functioning in certain phases of the complex repair process. For the study of

qualification of radiation risk, there is necessary to determine the specific pathways

and features that are typical for radiation originated DNA damage. In addition, the

quantification of radiation risk would involve the study on relative eiciency of the

repair processes in respect to the increased incidence of DNA damages above the

endogenous level.

The following are samples of several radiation originated human disorders

characterized by defects in DNA repair.

a) Patients with xeroderma pigmentosum (XP) have clinical sun sensitivity,

extensive freckle-like lesions in sun exposed, increase in developing of skin

cancer (basal cell carcinoma, squamos cell carcinoma and melanom). All XP

cells have been detected to be deficient in DNA repair.

b) Patients with another human disorder - Cockayne syndrome (CS) have

increased sun sensitivity, short statute and progressive neurological

degeneration. Cultured cell from CS patients have defective DNA repair.

O Patients with trichodiostrQphy have short statue, mental retardation and

brittle hair. Their cells have also defective DNA excision repair.

Complexity of the repair processes doesn't allow simple approach to their solutions.

The MD simulation of recognition may provide the stepwise description of

biomolecular reactions at the radiation lesion site through the capability to govern
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chemical and chemico-physical re-actions in time intervals that correspond to real

time of formation and breakage of chemical bonds (order of' femtoseconds). The

specific structural conformation and energetic pr operties of the lesion may be

factors that guide a repair enzyme to discriminate, a radiation lesion from an

endogenous one as well from the respective native DNA part.

5. Conclusions

The present paper comprises of the results of MD simulation of thymine glycol and

8-oxoguanine lesioned DNA molecules, The 8-oxoguanine is found in human cancers

and is considered to originate neoplasic transformation of the cell. The oserved

changes at the DNA molecules are a) the specific conformation originated at the

lesions site, like disruption of hydrogen bonding networks (both lesions), b) sharp

bending at the lesion site (thymine glycol) and flipping-out the base on the strand

complementary to the lesion (8-oxoguanine). Among these changes the most

important is considered the flipping-out base since it creates the empty space in the

DNA double strand and this space may serve as a tmplate for the docking of the

enzyme and for the formation of the DNA-enzyme complex. The bending that was

observed in the thymine glycol lesioned DNA molecule may also form a

complementary shape in respect to the respective repair enzyme and facilitate the

formation of complex.

The results of MD simulation, in addition to the existing crystallographic and

molecular biology techniques may contribute. to the studies of radiation risk and

DNA radiation damage repair by the dynamical description of the structural and

chemical processes that are undergoing at the lesioned DNA molecule. It may also

contribute, to the determination of the key factors in the process of recognition of the

lesion by the repair enzyme.
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4.9 Proteins for recognition and repair of UV and oxidative DNA damage
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4-1, Sendai, 980-8575 Japan

UV and reactive oxygen species produce various DNA lesions leading cells to death

and mutation, if they are not adequately repaired. It is quite interesting and important to know

how these lesions are recognized and repaired in various organisms. In most organisms UV

damage is mainly repaired by nucleotide excision repair (NER), while base damage produced

by reactive oxygen species is repaired by base excision repair (BER). Both excision repair

mechanisms are very effective in most organisms, so that the frequently produced DNA

damage does not disturb transcription and replication. These two types of excision repair have

evolved independently and share different DNA lesions as substrates. We have previously

isolated from the eukaryotes Neurospora crassa and Schizosaccharomyces pombe or the

eubacterium Bacillus sublifis a novel endonuclease for UV damage. Quite interestingly, this

single enzyme recognizes various UV lesions including cyclobutane pyrimidine dimer 64

photoproduct and Dewar type photoproduct and introduces a nick followed by a unique

excision repair. Surprisingly, this enzyme designated as UVDE (UV damage endonuclease)

functions as AP endonuclease as well. This enzyme provides human NER-deficient cells with

UV resistance, if UVDE gene is expressed in the human cells. The ogin, structure and

application of this "super" endonuclease will be discussed.
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4.10 Molecular Mechanism of Protein Folding
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ABSTRACT: An overview of experimental studies of protein folding is

presented. Main topics concern detection and characterization of folding

intermediates that accumulate along kinetic folding pathways and have

characteristics of a molten globule state. This approach has its origin

in a classic view of folding, i.e., the pathway concept to resolve the

Levinthal paradox. However, it apparently shows a striking contrast with

a new view of folding first proposed by theoretical studies and later

supported by experimental findings of the two-state folding proteins.

To reconcile the apparent conflict between the two views of folding, a

two-stage hierarchical model of folding is proposed as a general model

of protein folding. Whether the folding occurs in a two-state manner

without intermediates or in a three-state manner with the molten globule

intermediate is determined by location of the rate-limiting step of

folding. Implication of this model for folding behavior of proteins will

be discussed.

KEY WORDS: protein f olding, f olding intermediate, molten globule, f olding

funnel

1. Introduction

The biological function of a native protein is brought about by its unique

three-dimensional structure, and the process by which the

three-dimensional structure is organized from the one-dimensional amino

acid sequence is called protein folding. Since the amino acid sequence

of a protein is encoded within cellular DNA as genetic information,

elucidation of the mechanism of protein folding is to decipher the final

stage of expression of genetic information (Fig. 1).

Because an unfolded polypeptide of a small globular protein can fold

into the native three-dimensional structure by itself in itro, the

protein folding problem is 'not only biological but also purely

physico-chemical [1 2. Studies of protein folding thus constitute an
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interdisciplinary area between physics and biology. This area is now

increasingly more important because a huge number of different protein

sequences, many of which are structurally and functionally unknown, are

being published by a number of genome projects.

In this paper, I first describe basic ideas and concepts of protein

folding. Then I give an overview of recent protein folding studies,

mainly f ocusing on our own studies and related studies by other researchers.

Main topics will concern detection and characterization of folding

intermediates that may accumulate along the kinetic folding pathways 3,

4]. I will describe about the role of the molten globule intermediate

in protein folding and discuss the hierarchical nature of protein

structureandfolding. However, Iwillalsobrieflydescribeaboutallnew

view" of protein folding, which does not require the folding intermediates

and was first argued by theoretical studies of very simplified protein

models [5]. Theargumentsbasedonthenewviewapparentlyformastriking

contrast with the classic pathway view of folding, and are supported by

recent findings that some very small single-domain proteins can in fact

fold without accumulation of any intermediates 6 Finally, I try to

reconcile the new view with the hierarchical (molten globule) model of

protein folding, because these are under intense debate in current protein

folding studies.

2. What is the protein folding problem?

2.1 Protein folding as a transition phenomenon

The reversible protein folding-unfolding is a kind of transition

phenomenon very analogous to the phase transition of matter. The thermal

unfolding of a protein is caused by an increase in temperature and similar

to a solid phase to liquid phase (or liquid phase to gas phase) transition

of matter. Therefore, a simple interpretation for the reversible protein

folding might be given by a thermodynamic hypothesis in which the native

state of a protein with a unique amino acid sequence is thermodynamically

most stable, so that the native structure is determined solely by the

amino acid sequence, namely, by the totality of non-covalent interactions

within the protein polypeptide chain as well as between the protein chain

and the surrounding solvent (water) molecules 1].

However, insuf f iciency of this interpretation is immediately apparent

once we take the polymer nature of a protein into account. Suppose that

a hetero-polymer with a particular primary sequence undergoes a glass
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transition by decreasing temperature (Fig. 2 The individual polymer

molecules in the glassy state assume different three-dimensional

structures from each other. In contrast, the individual protein

molecules in the folded state assumes essentially the same unique native

three-dimensional structure. Why does this happen? Apparently, this

must result from biological evolution over a period of 4 billion years,

but nevertheless, what are the physical principles underlying the folding

transition. This is the problem of protein folding.

2.2 The erinthal pamadox s. the toldingr fnnel

The apparent incompatibility between the efficient folding into the

native structure and the availability of an astronomically large number

of different conformations is known as the Levinthal paradox 7 8] . The

earliest idea to solve the paradox was based on the premise that there

are specif ic pathways of folding, so that by restricting protein molecules

to these pathways, the polypeptide chains can reach their native

structures efficiently without the need to search large areas of

conformational space. According to this view (the classic view), the

folding occurs through a sequence of intermediates that are populated

along a specific folding pathway of the protein. Therefore, studies on

the protein folding have been focused on detection and characterization

of such specific folding intermediates of globular proteins. The

discovery that intermediates are formed during the folding of many

globular proteins has been taken to provide support for this idea, and

the molten globule state is the most typical of such folding intermediates

and has been regarded as a general intermediate of protein folding 3,

4].

However, the above view of protein folding has recently been challenged

seriously by a different view (the new view) of folding. Theoretical

studies using very simplified protein models have put forward the quite

different view of folding, i.e., the energy landscape or folding funnel

[5, 8]. The Levinthal paradox can be resolved by a small energy bias

against locally unfavorable conformations without any specific folding

pathways. The protein molecules need not to search large areas of

conformational space because only a very limited number of conformations

are accessible to individual protein molecules on the funnel-like energy

landscapes of natural proteins.

Whether the molten globule intermediate is truly required in protein
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folding is thus not fully understood. The theoretical studies have

suggested that the experimentally observed molten globules may not be

specif ic but belong to a nonspecif ically collapsed ensemble that consists

of a large number of kinetically trapped, misfolded species. Apparently

in support of this view, kinetic refolding of very small single-domain

proteins with less than 100 amino acid residues has been shown to occur

without accumulation of the specific folding intermediates 6 Because

the folding can take place without the intermediates, they are apparently

not prerequisite for protein folding. Therefore, whether the molten

globule state is significant as a specific intermediate to direct the

folding reaction or not is still an open question, and there is intense

debate between the classic and new views of folding.

3. The molten globule state as a folding intermediate

3.1 Obsez-vation o the mo2ten g2abu2e at an ear2y stage off folding

In spite of the arguments in favor of the new view of folding, the

experimental studies of the folding intermediates of various globular

proteins have demonstrated that the molten globule is a real productive

intermediate of folding 3 4 Figure 3 shows the kinetic refolding

curves of xlactalbumin measured by stopped-flow circular dichroism at

222 nm 9 a-Lactalbumin exhibits the molten globule state as an

equilibrium intermediate of the unfolding transition when treated with

a denaturant, guanidinium chloride, and aslo as a partially unf olded state

under mildly denaturing conditions (e. g. , at acid pH) 3 4 The molten

globule state of this protein has been best characterized, and we can

describe the unfolding transition from the molten globule to the fully

unfolded state in a quantitative manner using known equilibrium unfolding

parameters. The results of Fig. 3 thus indicate that a folding

intermediate, having the same secondary structure and the same stability

as the equilibrium molten globule state when measured by the peptide

circular dichroism, accumulates at an early stage of kinetic refolding

from the fully unfolded state.

Similar observations have been made in many other globular proteins,

including equine milk lysozyme, apomyoglobin, cytochrome c and

ribonuclease H, and the molten globule-like folding intermediates have

been characterized by various experimental techniques, including

stopped-flow circular dichroism, pulsed hydrogen exchange with

two-dimensional NMR spectra, X-ray scattering, and mutational approaches,
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and these have allowed us to describe the molten globule state for these

proteins in a very precise manner 3 4 Figure 4 illustrate the

structure of the typical molten globule state for some of these proteins.

From these studies the following structural characteristics of the

molten globule state are apparent and common among different proteins,

and these indicate that the state is structurally intermediate between

the native and the fully unfolded state 3 4 (1) The presence of a

substantial amount of native-like secondary structure; 2 the absence

of most of the specific tertiary structure associated with tight packing

of side-chains; 3 the presence of the native-like backbone topology,

and the compactness of the overall shape of the molecule with a radius

only 10-30% larger than that of the native state; 4 heterogeneity of

the three-dimensional structure in which certain sub-domains of the

molecule are more organized than the others; (5) the presence of loosely

folded hydrophobic core which is accessible to solvent water molecules;

and 6 dynamic features of the structure with motions on a timescale

longer than nanoseconds.

3.2 Evidence fox a productive fo2ding intezmediate

Kinetics of certain globular proteins have been analyzed carefully to

address an issue of whether the molten globule intermediate is productive,

or not. If the molten globule (I) state is a productive folding

intermediate, it must be placed between the fully unfolded (U) and the

native N state along the reaction pathway from U to N as

U - I - N.

Observation of a lag phase during the kinetic refolding is known to provide

firm evidence that the above scheme is satisfied. Figure shows the

kinetic refolding of a proline-free mutant of staphylococcal nuclease

from the acid unfolded state monitored by the fluorescence intensity of

tryptophan residues [10] . A lag phase of about 5 ms is observed at the

beginning of refolding, indicating the presence of the productive folding

intermediate. Interrupted refolding experiments with a double mixing

stopped-flow apparatus have also shown that the lag phase is caused by

the accumulation of the intermediate (Kamagata and Kuwajima, unpublished

data). Similar observations have been reported in other globular

proteins, including interleukin 1 P [ 1 1 ] and a bacterial immunity protein,

Im7 12]. For hen lysozyme, the refolding at pH 52 is represented by

a triangular scheme among U, I and N with a direct path from U to N, but
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the refolding under different conditions involves the I state as an

on-pathway intermediate 13]. The many experimental data thus indicate

that the molten globule state is a productive on-pathway folding

intermediate 3 4.

4. What is the universal view of protein folding?

4.1 The rate-limitlng step of folding

Although the above results indicate that the molten globule is a real

folding intermediate for the proteins mentioned above, the new view of

folding clearly demonstrates that such an intermediate is not required

for solving the Levinthal paradox [8]. Furthermore, there are small

single-domain proteins that can refold in a two-state manner from the

unfolded to the native state, and we now have more than 20 examples of

such two-state folders, including chymotrypsin inhibitor 2 SH3 domains

and a repressor f ragment 6 14 . The two-state f olding of the proteins

is a clear indication that the intermediate is not a prerequisite for

efficient folding. Therefore, questions arise. (1) What makes the

difference between the two-state flders and the three-state folders,

the latter of which accumulate the intermediate during the folding? 2)

Is there the universal mechanism of protein folding, or different

mechanisms are working for the different folders?

Re garding these issues, an important finding has recently been

reported by Baker and his colleagues, who have shown that the folding

rates of the two-state proteins are well correlated with a parameter called

relative contact order, which represents the backbone topology of the

native structure 14 Proteins built of more local structures along the

primary sequence have lower contact orders and fold faster. This fact

has significant implication when we consider the dif f erences between the

two-state and the three-state folders, because the three-state proteins

already has the native-like backbone topology in the molten globule state

and the rate-limiting step of the folding seems to be located between

the molten globule intermediate and the native state. Therefore, we have

recently tabulated the known folding rates of the three-state proteins,

and studied whether any relationships are present between the folding

rate and the backbone topology (Kuwajima and Arai, to be published) As

expected, there is no correlation between them, clearly indicating that

the rate-limiting step of folding must be dif f erent between the two-state

and the three-state folders.
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4.2 A tvo-stage hierarchical mode7 of rotein fo7dingr-

Is it possible to give a universal picture that involves both the

two-state and the three-state folding behavior? As such a model, here

I thus propose the two-stage hierarchical model of protein folding 3,

4 In this model, the f olding process of a protein is, in general, divided

into two stages: stage I, formation of the molten globule state from the

fully unfolded state; and stage II, formation of the native state from

the molten globule state, as

U I N.

Structural changes and associated energetic properties differ between

the two stages. In stage I, the protein molecule forms native-like

secondary structure, tertiary fold, and compact shape, with no specific

side-chain packing, thus acquiring the broad structural architecture of

the native molecule. Local interactions that determine preference for

secondary structure, and non-specific hydrophobic interactions that

determine the overall backbone topology and the compact shape are

important in this stage. In stage II, the specific side-chain packing

is organized, and specific van der Waals contacts are dominant in this

stage.

For the three-state proteins, stage II of the above scheme is

rate-limiting, so that the intermediate I accumulates during folding.

However, when the size of a protein becomes smaller, the number of

long-range specific interactions to be acquired may also become smaller,

making energy barriers at stage II smaller. Therefore, for such small

proteins, stage I rather than stage II is rate-limiting, and the folding

rate is correlated with the backbone topology.

Because the funnel theory may embrace broader concepts including the

classic pathway representation of protein folding, it may be useful to

describe the above picture (two-stage hierarchical folding model) in

terms of the folding funnel. The presence of the two stages indicates

the presence of the two corresponding folding funnels, I and II. The

differences in the structural classes and energetics associated with the

two stages are mirrored in dif f erences in shape between -the two folding

funnels. The protein compaction occurring in stage I results in a much

larger decrease in the conformational entropy, suggesting that funnel

I is much wider at its beginning than funnel II. The multiple pecific

tertiary packing interactions occurring in stage II are enthalpic in
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nature, and because they are not always native-like, previously formed

interactions must of ten be broken to f orm a more stable set of interactions

later in stage II. There must therefore be a number of enthalpic barriers

along funnel II. Since the free energy barrier is much more entropic in

funnel I, the energy landscape must be much more rugged in funnel II.

Figure 6 shows a schematic picture of this two-stage hierarchical folding

funnel.

S. Conclusions

It is now obvious that the attempt to detect a folding intermediate to

resolve the Levinthal paradox was rather irrelevant. Nevertheless, the

detection and characterization of intermediate states between the U and

the N states must basically be a right approach to the elucidation of

the folding mechanism. The folding intermediate (the molten globule)

detected by this approach is not a solution of the Levinthal paradox,

but rather indicates that the protein f olding takes place in a hierarchical

manner, reflecting the hierarchy of three-dimensional structure of

natural proteins. To more firmly establish such a molecular mechanism

of folding, we have to measure directly the folding kinetics of the molten

globule from the fully unfolded state and study the relationship between

the rate and the backbone topology. The two-stage hierarchical model

suggests that this relationship is the same as that found in the two-state

folders in their folding to the native states. This model further

suggests that the folding of the molten globule to the native state. must

be different from the folding of the two-state folders because the rate

is limited by stage II, and we have to elucidate the principles underlying

this stage of the folding reaction.
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Fig. 1: The information flow from one-dimensional genetic information

to three-dimensional protein structure.
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Unfolded
state

Glassy state

(b)

Conformation

Fig. 2 The glass transition of hetero-polymer. Each polymer molecule

in the glassy state has dif f erent conformation as shown in (a), and each

state correspond to a local energy minimun in the conformational space

schematically shown in (b).
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Fig. 4 Structured regions (shaded) in typical molten globule states for

four proteins (x-lactalbumin, equine milk lysozyme, apomyoglobin, and

horse cytochrome c).
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4.11 HIGH RESOLUTION IMAGING AND MANIPULATION OF DNA

BYSTM/AFM

Tomoji KAWAI

ISIR-Sanken, Osaka University, Mihogaoka, Ibaraki, 567-0047 Japan

DNA is the most important polymer molecule for humankind. Te observation of

detailed structures of DNA and its manipulation by STM / AFM is very attractive. Toward this

goal, base molecules and single/double stranded DNA have been observed and manipulated

by high resolution STM and AM on solid surfaces. It is demonstrated that four kinds of

DNA bases are discriminated and also fine structures of DNA are clearly observed on Cu(l I )

surfaces.

Discrimination of the bases: Four kinds of base molecules, A, T, G and C are

discriminated by STM comparing the height and lateral size of the molecules on the surface

of SrTiO3(100), Pd(110) and Cu(111). Using pulsed injection method of aqueous DNA

solution, the DNA fragments consisting of to 14 bases and also double stranded Plasmid

DNA have been imaged by high resolution STM.

Manipulation of molecules: The base molecules and DNA fragments are manipulated by

the tip of STM. With applying the bias voltage keeping the tip/surface current low, the STM

tip becomes close to the DNA molecules. The molecules are dragged on the surface by the tip.

Different base molecules and fragments have been encountered each other to forrn chemical

bonding.

Application of DNA to molecular and bio-memory devices: Long DNA chains are imaged

by STM/AFM during the reaction between DNA and enzymes. Especially, high resolution

AFM images have been successfully obtained by recently developed Non-contact AM.

These processes will be utilized for the application not only gene engineering but also to

bio-memory and DNA computing devices.

Noncontact atomic force microscopy has been employed in order to observe

double-stranded DNA on a Cu(l I 1) surface. In-situ tip improvement was found to be effective

for the NC-AFM measurement. The circular DNA (BlueScript II KS(-), 2961 bp) was

deposited on Cu(l1l) surface using the pulse injection method in a vacuum chamber.

Rectangular Si cantilevers (B doped, 0.0020cm) were used which has a spring constant of 14

N/m and a resonant frequency 300 kHz. The cantilever was oscillated at its resonant

frequency with constant excitation energy. The tip-sample distance was controlled with the

oscillation amplitude detected using a two-phase lock-in amplifier.

Under these conditions, periodic corrugation along the DNA molecules is observed. The

periodicity of this structure fluctuates in the range 47 nm. These values are widely distributed

comparing with the periodicity of the Watson-Crick model.
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4.12 High-resolution alpha-autoradiography at subcellular scale using CR-39

plastics with AM readout
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Abstract

A new method of high-resolution alpha-autoradiography using CR-39

plastics with AM readout has been developed for the measurements of

boron-compound distribution at subcellular scale in Boron Neutron Capture

Therapy. Tumor cells injected by boron compound were mounted on a CR-39

plate, and irradiated by thermal neutrons. Then the plate was exposed

to soft X-rays. After etching process in NaOH solution, alpha tracks from

B (n, alpha) reactions and a transmission X-ray image of cells were observed

simultaneously on the same surf ace of the CR-39 with an AM. The resolution

of imaging particle tracks and cell structures is several tens of

manometers or less.

Keywords: Atomic force microscope; Solid state track detector; CR-39;

Contact X-ray microscopy; Autoradiography; Boron neutron capture therapy
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1. Introduction

Autoradiography technique has been used for the measurements of specific

compounds delivery in biological tissues or cells by labeling the

compounds with radioisotopes. In alpha-autoradiography, alpha emitting

isotopes are labeled and the emitted alpha particles are detected by

imaging detectors such as photo films, solid state track detectors,

imaging plates, and so on. In particular, neutron-induced

alpha-autoradiography (NIAR) enables us to measure the distribution of

the compounds labeled with boron by detecting alpha particles from

'OB (n, alpha ) 7Li reactions without injuring the biological specimen by

radiation during compound delivery. Boron neutron capture therapy (BNCT)

is a promising radiotherapy to cure malignant brain tumor selectively

using short-range (- single cell size: 10 pm) charged particles from boron

neutron reactions [1] . There are demands for investigating boron compound

distribution inside a cell in this therapy. However, it is quite dif f icult

to measure boron distribution at subcellular scale using conventional

autoradiography techniques 23]. We are now developing a new

high-resolution alpha-autoradiography technique for the measurement of

boron compound distribution at an intracellular structure level using

CR-39 plastic track detectors with an atomic force microscope (AFM)

readout 4 In this paper, a new technique of alpha track mapping in

high-resolution image of biological cells and its application to BNCT

are described.

2. Materials and methods

The flow of our experiments is schematically shown in Fig. 1. First,

C6 glioma cells, a kind of malignant tumor cells, were transplanted into

the brain of a rat. After a week, boron compounds of p-boronophenylalanyne

(BPA), commonly used in clinical trial of BNCT, were injected into the

rat intraperitoneally A few hours later, the brain tumor was dissected

out. The tissue sample embedded in epoxy resin was sectioned with an ultra

microtome. The thickness of the sectioned slices was 1 tm. The sectioned

samples mounted on CR-39 plastics were irradiated by thermal neutrons

at Kyoto University Reactor (KUR) . In this step, latent alpha tracks are

recorded in the CR-39. Then the tissue on the CR-39 plate was stained

with lead citrate and irradiated by the flash soft X-rays from laser plasma

source. In this process, transmission X-ray image of the cells is recorded
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as latent damage in the CR-39 (contact X-ray microscopy 561). Heavy

metal staining is performed in order to enhance contrast in the

transmission X-ray image among each intracellular structure. After the

irradiation, the CR-39 was etched in 7N NaOH solution at 70C for 2min,

and observed with the AM.

3. Results and discussion

Fig. 2 shows the transmission X-ray image of the cells revealed as a

relief on the CR-39 surface. Bright regions correspond to higher regions,

and dark regions correspond to lower regions. Around nuclear membranes,

where lead citrate accumulates, X-rays were strongly absorbed, so that

the CR-39 was less damaged and brighter round features appeared on the

surface of the CR-39 A typical resolution of soft X-ray imaging is less

than 100 nm 4 In the image of the cells, alpha tracks as etch pits

of about 100 nm in diameter can be seen as black dots simultaneously.

Therefore now alpha track mapping can be achieved inside a cell at an

intracellular structure level. The image contains both etch pits and a

relief of cells, thus, separation of those components is necessary in

the next step for the analyses of boron compound distribution.

Conventionally the analyses of etch pits are performed by binary

segmentation of the image, however, it is difficult to extract the etch

pits from the relief by simple binary segmentation because the relief

regions are also detected partially by the threshold level; Fig. 3 (a)

shows simple binary segmented image of Fig. 2 In this case, comparing

with the relief, etch pits have higher spatial frequency. Therefore

high-pass filtering of the image enables us to extract the etch pits.-

Fig. 3 (b) shows high-pass f iltered image of Fig. 2 then binary segmented

as Fig. 3 (c) to make easy to see. Fig. 3 (d) is an integrated image of

Fig. 3 (c) and enhanced cell image. Etch pits are indicated as white dots

in this image. Now we can see the distribution of alpha tracks inside

a cell clearly.

4. Conclusion

High-resolution alpha track mapping inside a cell image has been achieved

using CR-39 plastic track detectors with an AM readout. The resolution

is 100 nm or less, therefore alpha-autoradiography at an intracellular

structure level will be possible. Applying image processing, etch pits

could be separated from the transmission X-ray image of cells for the
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analyses of alpha track distribution. This technique provides information

on boron compound or boron labeled compound distribution, especially in

BNCT.
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Fig. 2 The RFM image of the etch pits and relief of X-ray image of the

cells.
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Fig. 3 The image processing to extract the etch pits from the raw image
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Hisashi Ishida

Center for Promotion of Computational Science and Engineering,

Japan Atomic Energy Research Institute

2-2-54 Nakameguro, Meguro-ku, Tokyo, 153-0061, Japan

E-mai1:isida�koma.jaeri.go.jp

ABSTRACT

To, elucidate the ef f ect of guanine lesion produced by the oidative damage

on DNA, nanosecond molecular dynamics simulations of native and oxidized

DNA were performed. The target DNA molecules are dodecamer duplex

d(CGCGAATTCGCG)2 and its derivative duplex

d C,G2C3 (8-oxoG) 4A5A6T7T8C9Gj0CjjG12) d Cl3Gl4Cl5Gl6A,-7ABTgT--OC2lG22C23G24) I which

has one oxidized guanine, 7,8-dihydro-B-oxoguanine (8-oxoG) , at the fourth

position. The local structural change due to the lesion of 8-oxoG and the

global dynamic structure of the 8-oxoG DNA were studied. It was found that

the 8-oxoG DNA remained structurally stable during the simulation due to

newly produced hydrogen bonds around the (8-oxoG 4 residue. However, there

were distinguishable differences in structural parameters and dynamic

property in the 8-oxoG DNA. The conformation around the (8-oxoG)4 residue

departed from the usual conformation of native DNA and took an unique

conformation of �, in BI, conformation and X in high anti orientation

at the (8-oxoG 4 residue, and adopted a very low helical twist angle at the

C3: G22 (8-oxoG 4 C21 step. Further analysis by principal component analysis

indicated that the formation of the hydrogen bonds around the (8-oxoG)4

residue plays a role as a trigger for the conformational transition of the

8-oxoG DNA in the conformational space.

KEYWORDS: 7 8-dihydro-8-oxoguanine, Oxidized DNA, DNA hydration, DNA local

conformational analysis, Principal Component Analysis.
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1. Introduction

Oxidative DNA damage plays a critical role in several biological processes

such as mutagenesis, aging and a variety of diseases (1-8) . DNA, a fundamental

substance for inheritance information, is continuously exposed to a number

of environmental agents including reactive oxygen species (ROS) such as

superoxide, hydrogen peroxide and hydroxyl radicals (1) . ROS are generated

by a variety of means, including not only exogenous exposure to ionization

radiation and chemical carcinogens but also endogenous cellular aerobic

respiration under normal physiological processes 9 These species induce

the production of a variety of lesions, including genotoxic lesions, oxidized

bases, DNA-protein cross-links, AP (apurinic/apyrimidinic) site and DNA

strand breaks.

Among oxidative base damages in DNA, a C8-oxidation form of guanine,

7,8-dihydro-8-oxoguanine (8-oxoG) is one of the major base lesions and is

often used as a key indicator of cellular oxidative stress. 8-oxoG is a potent

premutagenic lesion formed spontaneously at high frequencies in the genomes

of aerobic organisms. 8-oxoG is a highly mutagenic DNA lesion leading to

G:C T:A transversion mutations during DNA replication since 8-oxoG in DNA

allows the incorporation of adenine (10,11). In human DNA, approximately

1,000 8-oxoG residues are generated in a day 12). Such mutations may

contribute to the loss of genomic integrity and cause mugatenesis.

Aerobic organisms have developed several defense mechanisms against G:C

.T:A transversion. Oxidative DNA damage is repaired by a variety of enzymes

such as MutT (-oxo-dGTPase) , MutM (8-oxoG DNA glycosylase) and MutY (DNA

mismatch glycosylase) in Escherichia coli 13). MutT hydrolyzes the

oxidatively damaged deoxynucleotide 8-oxo-dGTP to 8-oxo-dGMP, eliminating

8-oxo-dGTP from the deoxynucleotide pool of DNA precursors, and prevents

the misincorporation of 8-oxo-dGTP opposite a template adenine during

replication 14). When the 8-oxoG arises as a result of direct DNA damage

and is paired with cytosine it is excised by MutM (15, 16) . If 8-oxoG is not

removed prior to replication and an adenine is incorporated opposite 8-oxoG,

MutY excises the adenine base from the mispair 17, 18) . Mammalian homologs

of all these activities have been identified. In human cells, GG1 encodes

-122-



JAERI-Conf 2002-005

a glycosylase/AP 1yase functionally equivalent to MutM, and the X-ray

structure of the OG1 bound to DNA containing 8-oxoG was resolved 19).

It is necessary for these repair enzymes to recognize the existence of

the DNA damage 20) . NMR and X-ray crystallographic studies of DNA containing

8-oxoG have demonstrated that 8-oxoG in the anti orientation form a

Watson-Crick base pair with cytosine 21, 22) , while in svn orientation, it

forms a Hoogteen base pair with adenine 23, 24) , providing a structural basis

for the observed G to T transversions induced by this lesion 25-27) . Damaged

DNA may have an unusual structure at a damaged site such as locally bended

or distorted conformation, and eventually may impede the intrinsic function

of duplication and translation directly.

In general, however, little is known so far about the dynamic behavior

of 8-oxoG DNA. Such knowledge is essential when exploring the kinetics of

biochemical reactions such as the DNA repairing process. Molecular dynamics

(MD) can provide a dynamic description on the atomic scale, and valuable

inf ormation f or interpreting experimental data. So MD simulations of duplex

dodecamer, d (CGCGAATTCGCG - duplex, and its derivative, substituting the

fourth guanine base in one strand, d(CGC-(8-oxoG)-AATTCGCG)

-d(CGCGAATTCGCG), were performed to understand the differences of the

structural and dynamic properties due to the lesion of 8-oxoG on the damaged

DNA. This DNA was chosen as a target molecule because it was first determined

by X-ray crystallography 28), and has been studied theoretically by using

MD simulation 29-37).

In this paper, the local conformational distortion due to the effect of

the 8-oxoG, and the hydration in the vicinity of the 8-oxoG base were examined.

The conformation of DNA in each simulation was analyzed by evaluating the

backbone parameters and base-pair helical parameters. Finally, principal

component analysis 38,39) was performed in order to understand the dynamic

structural property of the 8-oxoG DNA. The results were compared with those

from calculations of the native DNA and the possible mechanism by which the

repair enzymes recognize the damaged DNA will be discussed.
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2. Methods

2.1 Force field parameters for SoxoG

In order to generate new force field parameters of 8-oxoG, structure

optimization of 8-oxoG nucleoside consisted of deoxyribose and 8-oxoG was

carried out at Hartree-Fock level with a 631G* basis set by using GAUSSIAN-94

(40) . The atomic partial charges of the 8-oxoG were determined using RESP

(41), following the same procedure as used in the charge calculation for

the native bases in the standard AMBER force field. The charges of atoms

of the phosphate and deoxyribose except for 04' were fixed at the same values

in the AMBER force field. considering the possibility of a steric repulsion

between 04' of deoxyribose and 08 of 8-oxoG, the charge of 04' was not

restrained. The schematic illustration of 8-oxoG is shown in Figure 1. The

newly determined charges are Nl(-0.4641), Hl(0.3457), C2(0.6999),

N2 (-O. 9213), H21 0.4103), H22 0.4103), N3 (-0.5373), C4 (0. 1351), C5 0.0444),

C6 0.5021), 06 (-0.5546), N7 (-O. 6058), H7 0.4210), C8 0.5438), 08 (-0.5389),

N9(0.0828), Cl' 0.1418), Hl' 0.1075) and 041 (-0.4702), where the number in

parentheses is the partial charge in the 8-oxoG residue. The force constants

for 8-oxoG were selected from appropriate parameters available in the AMBER

database. The equilibrium bond lengths, angles and torsion angles were set

from the optimized geometry. It is notable that the change of charges is

seen at themost distinctive feature of 8-oxoG, its 8-oxoG carbonyl function.

As compared with the charge 01997 of H8 of guanine in the Amber parameter

set, the charge of 08 of 8-oxoG is 0.5389. The negative charge of the 04'

in deoxyribose was slightly increased from 0.3691 in guanine to 0.4702.

It should be noted that the formation of S-oxoG from guanine produces an

additional proton donor H7 at N7 and converts H8 of guanine from a very weak

hydrogen bond donor to a strong hydrogen bond acceptor .

124 -



JAERI-Conf 2002-005

2.2 Treatment of long-range electrostatic interactions

The most time consuming part of MD simulation is to compute long-range

electrostatic interactions. Directly evaluating all the atomic-pair

contributions requires A�) operations for N charged atoms. In particular,

highly charged molecules like nucleic acids tend to become unstable during

MD simulation when a cut-off method is applied 36).

To cope with this problem, fast multipole method (FMM) 42,43) was used

for the accurate evaluation of the electrostatic energy in this study. The

FMM offers an efficient operation of (N) to handle long range electrostatic

interactions. MM uses a hierarchical spatial partitioning scheme,

recursively dividing the physical system into smaller cells, generating an

octal tree structure. The tree's root is at level 0, and it corresponds to

the entire size of the MD simulation. A parent cell at level I is decomposed

into 2 3=8 children cells of equal volume at level I 1. To calculate the

electrostatic potential due to the charges in the far field, the MM uses

the truncated multipole expansions p expressed in terms of a spherical

harmonics function for all cells higher up the tree at all levels, and local

Taylor expansions for the evaluation of the electrostatic forces acting on

particles. By computing both expansions recursively for the hierarchy of

the cells, the electrostatic energy is computed with (N) operations. In

this paper, the deepest tree level was chosen to be equal to 3 namely the

number of smallest cells is 83 = 512, and the truncated multipole expansion

p was chosen to be equal to 6 which is enough to reduce the error of total

energy conservation during the MD simulation. The FMM program used here was

parallelized by decomposition of the tree structure level for the parallel

computer. The FMM used in this study was made at the Japan Atomic Energy

Research Institute and incorporated into the molecular dynamics program

PRESTO 44).
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2.3 Molecular station procedure

The two systems were constructed, dodecamer duplex d(CGCGAATTCGCG)2 as

a prototype and its derivative with 7,8-dihydro-8-oxognuanine (8-oxoG)

replaced instead of guanine at position 4 duplex

d(CIG2C3(8-oxoG)4A5A6T-7T8C.,GloCllGl2) dC,,3Gl4-15Gl6Al7AlBTl9T20C�,G'2C�3G24) The

protocols mentioned below for solvating counter-ions and water, and

simulating the two systems were identical. The initial set of coordinates

for the molecular dynamics was taken from high resolution X-ray crystal

structure with a resolution of 1. 5A of duplex d (CGCGAATTCGCG 2 f rom Nucleic

Acid Databank code, BDO005 45). To neutralize the negative charges on

phosphate of the DNA, 22 sodium counter-ions were placed on the bisector

of the phosphate oxygen, 5. OA from the phosphate atom. The native DNA molecule

and 8-oxoG DNAmolecule were surrounded by 5554 and 5553 TIP3P water molecules

(46) respectively with the spherical boundary of a 35 A radius and the CAP

-2constraint was set to beI50 kcal mol-1 A . 118 crystallographic water

molecules were retained in the systems. The AMBER parameter set 47) was

used for DNA and counter-ions. The relative dielectric constant used was

1.0 and the van der Waals interactions were evaluated with a cut-off radius

of 14 A. Finally, the system of the 8-oxoG DNA and native DNA were composed

of 17440 atoms (8-oxoG DNA = 759, counter-ion 22 and water 16659) and

17,442 atoms (native DNA = 758, counter-ion 22 and water 16662)

respectively.

2.4 Minimization

An energyminimizationusing the conjugate gradientmethod has been carried

out in two stages. First, harmonic constraints with a force constant of 100. 0

kcal mol-'A -2 were applied to all heavy atoms of DNA and counter-ion positions.

The restraint was then released and the minimization continued until the

energy gradient decreased to a gradient of 0. 05 kcal mol-' A-'. The

root-mean-square deviation (RMSD) of the crystal structure with hydrogen

and the minimized DNA was 0.806A. Similarly, the 8-oxoG DNA was minimized
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by the same minimization procedure from the crystal structure which is

substituted by fourth guanine G4 with 8-oxoG. The RMSD of the -oxoG DNA

crystal model and the minimized one was 0.894A. The RMSD of the minimized

8-oxoG DNA and the minimized normal DNA was 0.755A.

2.5 Molecular dynamics

Constant temperature MD simulations at 300 K of two DNA molecules in water

were carried out under the same procedure for nanosecond. The Nose-Hoover

algorithm was used for the constant temperature MD with the time step of

1.667fs. The integrator used here is the high-order decomposition of the

Liouville operator utilizing a fourth order symplectic integrator for the

physicalsystemandasecondorderintegratorforcontrollingthetemperature

(48,49). The accuracy of the integrator is higher than the conventional

velocity verlet algorithm at the time step of 1.667fs. The nonbonded

interactions with 14 A were updated every 250f s To maintain the DNA within

the center of the droplet, translation and rotation of the DNA were removed

at every step. Each system was f irst heated f rom OK to the desired temperature

during 50ps during which the DNA and counter-ions were f ixed with decreasing

constraints and the water molecules were allowed to move, then the systems

were equilibrated for 300ps with no restraint. The nanosecond MD trajectory

analyzed was from 350ps to 1, 350ps. Coordinates of all atoms were collected

every 50fs for later analysis of the static and dynamic properties of the

system.

2.6 Principal Couponent Analysis

Principal Component Analysis (PCA) 38, 39) or essential dynamics (50, 51)

is a powerful tool for analyzing concerted large-scale motions of

macromolecules. PCA involves constructing and diagonalizing a covariance

matrix of atomic fluctuations. From the MD trajectory, a covariance matrix

is built for the entire domain, and diagonalized to identify the most

significant motions of the solute along the corresponding eigenvectors.

First, the mass-weighted covariance matrix C is constructed from
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=x,-xXxj-x_)) Q=1,2,...,3N,Y i i

wherex'i = Fm, is mass-weighted coordinates of an N particle system. The

bar is the reference coordinate of the target molecule. The angular brackets

represent the average overall coordinate frames in the trajectory. By solving

the eigenvalue problem CU=Ur, concerted motions can be obtained. The

engenvectors of U represent the direction along a concerted motion of atoms,

and the eigenvalues of r are equal to the variance in the direction of the

corresponding eigenvector. The effective frequency of the ith principal

component is defined by

a Y [21V�i

It has been shown that a large portion of the overall fluctuations of the

mac r omo 1 e cu 1 e ca n o f te n be a cc ou nt e d f o r b y a f ew 1 ow f re qu e ncy e i g e nve ct or s

with large eigenvalues 39).

3. Results Discussion

3.1 Overall and local change of DNA structure

To check the stability of DNA conformation in the MD simulation, the RMSD

of atomic positions of DNA with respect to an energy-minimized coordinate

at the starting point was calculated during the MD runs. The time evolution

of the RMSD for the two simulated systems of 8-oxoG DNA and native DNA are

shown in Figure 2 Figure 2 indicates that the conformations of the two are

stable with RMSD values of 2.31±0.39A and 1. 85±0.30A during the nanosecond

simulation respectively. The Watson-Crick hydrogen bonds of (8-oxoG)4:Cl

were preserved with 8-oxoG in the anti orientation through the simulation

of 8-oxoG DNA as well as native DNA, as indicated by X-ray crystallography

and NMR studies 21, 22) . The distances of the three hydrogen bonds between

06, Nl and N2 of 8-oxoG and N4, N3 and 02 of C-1 on the opposite strand were

2. 92±0. 14A 2 95±0.08A and 289±0. 11A respectively, which are very similar

to those of a native G4:C-1 base pair in the native DNA simulation, 2 92±0.14A,

2.96±0.09A and 2.91±0.13A respectively. So it seems that there is no

-128 -



JAERI-Conf 2002-005

fundamental change in the 8-oxoG DNA structure.

However, it was found that the 8-oxoG caused large local distortion around

the (B-oxoG)4 residue. Figure 3 shows the time evolution of the distance

between 08 of 8-oxoG and phosphate oxygen 02P at the (8-oxoG)4 (08-02P

distance) on the 8-oxoG DNA and the distance between H8 Of C4 and phosphate

oxygen 02P at C4 (H8-02P distance) on the native DNA respectively. The average

distance of 08-02P, 5.72A was much larger than that of H-02P, 4.17A It

is considered that the 08-02P distance was widened because of steric

hindrance between 08 and 041 of deoxyribose and the repulsion between strong

negative oxygen of 08 and strong negative phosphate. However, the f luctuation

of the 08-02P distance was similar to that of the H8-02P distance, showing

that the deviated structure remains stable during the simulation. A detailed

discussion of how the distortion is sustained stably in the 8-oxoG DNA follows

in the next section.

3.2 DNA hydration

As mentioned above, 08 and H7 of 8-oxoG are the new acceptor and donor

produced by the oxidation of guanine, so these atoms are readily available

as an acceptor and a donor for hydrogen bonds in interactions with water

molecules. The newly produced hydrogen-bond interactions may contribute to

the stabilization of the three-dimensional structure of the -oxoG DNA.

A detailed analysis was performed to understand the pattern of the

hydration bonds in the vicinity of the 8-oxoG residue. The criterion used

here for a hydrogen bond A- - H-D) is that the acceptor (A) -proton (H) distance

should be less than 2 5A and an acceptor (A) -proton (H -donor (D) angle should

be larger than 1200. The percentage of the occupancy of a hydrogen bond is

defined here as the number of frames with the hydrogen bond present divided

by the total number of the frames. The average lifetime of a hydrogen bond

during the simulations was calculated from the duration time as the average

of all its events. In these calculations, the presence of hydrogen bonds

was checked at an interval of lps instead of every 50fs and the events with

a lifetime of less than 10ps were excluded for the calculation of averages,

because the lifetime of a hydrogen bond depends critically on fluctuations
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of the atomic positions of the acceptor, the donor and water. The calculated

residence times of hydrogen-bonded water molecules binding to 08 and H of

8-oxoG ranged from 12ps to 145ps, and from 31ps to 237ps respectively. The

average lifetime of the hydrogen-bonds attached to 08 and H7 was 77.3ps and

117ps respectively, and each formation of the hydrogen bond was sustained

for close to 100% of the MD run. Moreover, 08 could produce hydrogen bonds

with two water molecules at the same time, and the duration of the formation

was 14 4 of the MD run. On the contrary, H8 of G4 did not produce a hydrogen

bond for more than 10ps, although the duration of the formation of a hydrogen

bond of H8 on the native DNA was 15.5% of the MD run.

Figure 4 shows the radial distribution functions g (r) of the water-oxygen

from 08 and H7 of 8-oxoG and H7 of G4- In the case of 08 and H7 of 8-oxoG,

the position�; of the first peak are r=2.8k and 2.OA and the coordination

number of the first peak obtained by integration up from OA to the minimum

3.2A and 2.5A were approximately 1. 5 and 1. 0 respectively, meaning that one

or two water molecules bind to 08, and a single water molecule binds to H7.

The sharp first peak indicates that a strong binding was produced, which

is consistent with the long lifetime of the hydrogen bonding. The shallowness

of the first minimum of H7 at 2.5A indicates that the binding water on 7

stays tightly attached. There is another distinctive second peak centered

at 4 OA. Integration of g (r) of 08 and H7 f rom the f irst minimum to the second

peak yields a nearest-neighbor coordination number of approximately 25 and

3. 0 respectively, indicating that two or three water molecules contact with

the water molecules binding to 08, and three water molecules contact with

the single water molecule binding to H7. In the case of H8 of native DNA,

the peak is obviously low because the phosphate of G4 hinders H8 from being

exposed at the surface of the major groove and contacting water molecules

as implied from the short distance of H8-02P shown in Figure 2 Therefore,

it is concluded that the order of the strength of the hydrogen bonds is 7

and 08 of 8-oxoG, and H8 of G.

Moreover, a detailed observation of water molecules in the vicinity of

08 of 8-oxoG was carried out, and some water-mediated hydrogen bonds were

found as shown in Figure 5. In this figure, the simulation time is 300ps

and the 08-02P distance is 5.71A. There is a very distinctive hydration
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pattern around the (8-oxoG 4 residue on the 8-oxoG DNA. 08 and H7 of 8-oxoG

are exposed at the major groove and a water molecule binds to 08 and H7,

and each in both cases three water molecules surround the water molecule

which binds to 08 and H7. Two water molecules form a hydrogen bond bridge

between 08 and 02P of the (8-oxoG 4 residue, while a single water molecule

can be seen there when the 08-02P distance is shorter, around 4.7A. These

water molecules produce a hydrogen bonding network. which extends to 02 of

the adjacent residue A. The 02P and H5 of A3 residue connect with 08 and

H7 through two water-mediated hydrogen bonds respectively. On the contrary,

the water molecules in Figure do not produce hydrogen bonds with A5 residue.

It is considered that the ordered hydrogen bonds can significantly enhance

the conformational stability of the 8-oxoG DNA in spite of the local

distortion.

3.3 Parameters of DNA structure

It is considered that the structure of the 8-oxoG DNA is adjusted by the

changing values of the DNA structural parameters from those of the standard

native DNA. To understand how the 8-oxoG DNA adopts this conformation,

geometrical DNA parameters for backbone, sugar and base-pairs were

calculated by using DNA analysis programs 3DNA 52). The correlation

coefficients (CCs) between the 08-02P distance and the values of the

parameters were also calculated in order to understand which parameters

affect the fluctuation of the 08-02P distance.

3.4 Backbone prameters

Firstly, the angles describing the conformation of the backbone, base and

ribose ring, a, P, y, - and the sugar-pucker phase angle P of 8-oxoG

DNA and native DNA were assessed respectively. Table I shows the CCs of the

08(H8)-02P distance and the values of the backbone parameters in the two

simulations. Generally high CCs can be seen at the fourth residue. The values

f ar f rom f ourth residue do not seem to be signif icant in terms of their CCs.

Seemingly, there are high correlations between 08 (H8) -02P distance and �,
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0.486 at G, of native DNA and 0314 at A6 of 8-oxoG DNA in Table I, and 0488,

-0.482 and 0410 at Tc,, A1-7 and G16 of native DNA respectively (these data

are not shown in Table I) These apparently high correlations are due to

the large transition of the values of !-� during the simulations. For example,

the trajectory of the value of � at A6 of 8-oxoG DNA is shown in Figure

6. The value �, determining the position of the phosphate with respect

to the sugar of the preceding residue, is characteristic of the BI backbone

conformation (between 1600 and 200) and the BI, backbone conformation

(between 200 and 200') . Figure 6 shows that the transition between and

BI, occurs, and the CC calculated here does not reflect the atomic fluctuation

during the simulation as the CC calculated from the data i the range from

0 to 400ps is almost zero, 833* 1 0 3 

The CC of 08(HB)-02P distance and or P has a high negative correlation

at the fourth residue in both of 8-oxoG DNA and native DNA. This means that

the (H8) -02P distance increases when the value of or P decreases. This

observation is reasonable because the 08 (H8) -02P distance may increase as

the DNA is stretched according to the decrease of the value of the sugar

pucker phase from C21-endo (between 1440 and1800) in B-DNA conformation to

C3'-endo (between 00 and 360) in A-DNA conformation. It is generally

recognized that the angle 5, being part of the deoxyribose ring, orrelats

with the sugar-pucker phase angle P in the statistical DNA conformation

ensemble determined in X-ray crystallography 53) (this is easily observed

in Figure 7 The CC between 6 and P at the (8-oxoG 4 residue is 0. 700 and

the CC between and P calculated from the data of all residues of 8-oxoG

DNA is 0791±0.122 (not shown in Table I). Therefore, this holds true in

the case of structures produced successively in the MD simulation as well

as in the case of the statistical X-ray structures. A clear difference of

CCs can be seen between 8-oxoG DNA and native DNA at the (8-oxoG 4 residue.

The parameters showing high correlation with the 08-02P distance at the

(S-oxoGh residue are E and X, and the values are 0458 and 0393

respectively, while the values of E-4 and X at of native DNA are very

low, 0.100 and 7.14*10--' respectively. The glycosidic torsion angle X is

considered to be very important for DNA glycosylase such as MutT catalyzing

the glycosidic torsion bond which connects the damaged base and deoxyribose.
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Seemingly, the CC between Pand )( is negative at the (8-oxoG 4 residue, because

the CC of P is negative, 0.487 and the CC of y, is positive, 0393. In fact,

the CC between P and y, at the (8 -oxoG 4 residue is positive, 0 210. It should

be toted that a correlation between A and > and a correlation between

B and C < does not necessarily mean a correlation of A and C < 0. This

result that the CC between P and X at the (8-oxoG 4 residue is positive is

consistent with the observation that high phase angle C21-endo sugars

primarily occur in the high )( range and low phase angle C31 -endo sugars have

lower X values. Nevertheless, this value of 0210 is still exceptionally

low compared with 0. 543±0.140, which is the value calculated from the data

of all residues of 8-oxoG DNA. The dif f erence in the CCs implies the intrinsic

difference in dynamics between the 8-oxoG DNA and native DNA.

Figure 7 (a) 7 b) 7 c) and 7 d) show the four variables which have a high

correlation with the 08-02P distance: , E�, )(, and P respectively. These

figures clearly show that there are clear correlations with in Figure 7 (a)

and with P in Figure 7 d) . The values of P at C3, (8-oxoG 4 A5 and A6 remain

around 150' of C2'-endo. On the contrary, the values of P of native DNA move

more towards lower values, Cl'-exo (between 108' and 144') . The base with

high deviation indicates that the there are some transitions between C2'-endo

and C31 -endo A distinct dif ference can be seen between 8-oxoG DNA and native

DNA at the angles at the fourth position in Figure 7 In the 8-oxoG DNA,

the values of e-� at the (8-oxoG)4 residue is 118.7', indicative of the BI,

conformation. The standard deviations of ( larger than 20' at A6, Go, C13

and G14 of 8-oxoG DNA, and G2, A6Y C13, G16, A17 and T20 Of native DNA show

occurrence of the transition between and B. The glycosidic torsion angle

at the (8-oxoG)4 residue deviates to y=-79.9', which indicates a high anti

orientation (between 60' and 110') from X=-110.50 at G4 on the native DNA

which indicates a usual anti orientation (between 1100 and 1800) . It is

considered that this is due to the repulsion of the phosphate and 08 of the

8-oxoG residue and the steric hindrance of the 04' of ribose and 08. These

conformations can be also seen in the X-ray crystal structure of DNA which

includes 8-oxoG, d (CCA- (BoxoG) -CGCTGG 2 duplex (Nucleic Acid Database code,

BDJB57) 22). The DNA gives similar results for �=73.8' in the BI,

conformation and X=-55.30 in the high anti orientation. Therefore, it is
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considered that the mechanism for the distortion of X and � at 8-oxoG

residue may be common in any DNA sequence including 8-oxoG.

3.5 Helical Parameters

Secondly, the helical parameters, X-displacement (X-disp) , Y-displacement

(Y-disp) , helical rise (Rise) inclination (Inc) tip (Tip) and helical twist

(Twist) with respect to the helical axis were also calculated as well as

the backbone and sugar parameters. Table II sows the CCs between the

08(H8)-02P distance and the helical parameters in the two simulations of

8-oxoDNA and native DNA. The base-pairs involving the (B-oxoG)4 are C3:G22

- (8-oxoG) 4C11 step and (8-oxoG 4C21 - A5:To step. The CCs between the 08-02P

distance and X-disp, Rise, Inc and Twist at the C3:G-12 (8-oxoG)4:C-ll step

are all high, -0 490, 0.309 0387 and 0.468 respectively. On the contrary,

the CCs at the (8-oxoG)4:C2.1 A5:T20 step are all low (within ±0.10 . This

is consistent with the observation that the interactions between C3 and

(8-oxoG 4 through the mediated water hydrogen bonds can be seen, while the

interactions between (87oxoG)4 and A5 can not be seen in Figure 5. The CCs

at the region far from the (8-oxoG)4 residue were low (within ±0.20)

indicating that the far region does not affect the dynamics of the region

around the (8-oxoGh residue directly, which was also the case for the

backbone and sugar parameters.

Among the helical parameters, four highly correlated helical parameters

with the 08-02P distance, X-disp, Rise, Inc and Twist are shown in Figure

8 (a) Figure 8 (b) , Figure 8 (c) and Figure 8 (d) respectively. It can be seen

that there are strong correlations between the four helical parameters.

X-disp, Rise and Twist are directly correlated with each other in a positive

manner, while Inc shows the opposite, as is generally recognized 53,54).

A most signif icant dif ference between the 8-oxoG DNA and native DNA has been

observed at the C3:G22 - (8-oxoG)4:Cl step. It is clear that the alue of

helical Twist at the C3:G22 (8-oxoG)4:C21 step is under-wound, 19' which

is much lower than 31 at the C3: G22 - G4:C_21 step of native DNA, and the helical

twist at the (8-oxoG 4C21 - A:T, step of 8-oxoG DNA is over-wound, 44' which

is much higher than 370 at the G4:C-1 - A5:T20 step of native DNA. The
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characteristic stacking pattern of the under-wound C:G'2 (8-oxoG 4C-1 step

and over-wound (8-oxoG)4:C-ll - A:T211 step of 8-oxoG DNA is shown in Figure

9. This tendency is seen in the X-ray crystal structure of BDJB57,

d(CCA-(8oxoG)-CGCTGG)� duplex although the DNA sequence is different from

the 8-oxoG DNA sequence. The helical twist at the A3:TjE - (8-oxoG)4:Cl7 step

and the (8-oxoG)4:Cl'7 C5:G16 step of BDJB57 are 220 and 370 respectively

(22) . Therefore, it has been concluded that the mechanism of the under-wound

twist is due to the unique structure of E� and )( of the (8-oxoG)4 residue.

The value of X-disp at the C G2 (8-oxoG 4 C1 step is -5. 3 which is near

the typical value of -6A which corresponds to A-DNA. It should be noted,

however, that this C3:G22 - (8-oxoG)4:C21 step is different from the A-DNA

conformation, because the sugar pucker phases P around the (8-oxoG 4 residue

adopt C21-endo in typical B-DNA. Therefore, it should be understood that

this C3:G22 (8-oxoG)4:C21 step has an unique structure. The other notable

feature of the values of the four helical parameters in Figure 9 is the changes

between 8-oxoG DNA and native DNA at the A5:T20 - A6:Tlg, A6:Tl - T-7:A,8, T-7:AIB

- TB:A,.7 and T8:A17 - C:G,6 steps of the AT region. The average value of the

helical Twist of native DNA at the AT region is 32', which is smaller than

the average value of 370 calculated from the data of the AT region in the

original crystal structure of BDO005 45) . This decrease of the helical twist

of native DNA may be a consequence of the Cornel et al. force field set of

parameters used for the MD simulations which is slightly biased toward the

value of unwinding as compared with the value observed in crystal structure

(37,55).

From the discussion above, it has been concluded that the acceptor 08 and

donor H7 of 8-oxoG interact with water molecules and contribute to the

stabilization of the 8-oxoG DNA in spite of that fact that the 8-oxoG DNA

has an unusual structure of e-�, at the (8-oxoG)4 residue, and helical

twist at the C3:G22 - (8-oxoG)4:C-ll step.
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3.6 Principal Component Aalysis

Finally, PCA was performed over the MD trajectory to assess the dynamic

properties of the damaged DNA..

The first five lowest effective frequencies in 21 of 8-oxoGDNAand native

DNA were 11.2, 15.4, 16.0, 21.9, 23.6 and 944, 12.1, 16.3, 21.0, 24.Ocm-1

respectively. It seems that the frequency of 8-oxoG DNA made a shift toward

high frequency. However, it should be noted that this effective frequency

is defined only in terms of eigenvalue r, the mean-square fluctuations of

the principal component, and it has the precise meaning of normal mode

f requency only when the potential surf ace is purely harmonic 38) . In f act,

it is very sensitive to the direction of the conformational transition of

the MD traj ectories in the conf ormational space and the value of the ef f ective

frequency decreases gradually by exploring the conformational space

outwards from the center of the initial positions during the MD simulation.

The accumulated relative contribution of the principal component to the

mass-weighted mean fluctuation can be derived by normalizing the

accumulative sum of the eigenvalues r and is shown in Figure 10. Figure 0

shows that only the first few eigenvectors have a contribution to the overall

mean-square fluctuations, meaning that the low frequency modes contribute

to the dynamics of DNA (51), as is the same in the case of macromolecules

such as protein 38,39,50). The concerted motions expressed by the first

twelve and ten principal components can account for about 8 0% of the overall

fluctuations of 8-oxoG DNA and native DNA respectively.

The first principal component with the largest mean-square fluctuation,

i.e. the projection of MD trajectories onto the first principal axis is shown

in Figure 11. A clear resemblance can be seen between the transition on the

first principal axis in Figure 11 and the transition of the 08-02P distance

in Figure 3 Some large transitions of the first principal component can

be seen at about 200, 450, 750 and 900ps. These times correspond to the times

when the 08-02P distance increases or decreases rapidly around the average

distance of 08-02P, 5.72k. This suggests that the 08-02P distance, which

is indicative of the formation of water-mediated hydrogen bonding between
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08 and phosphate oxygen 02P of 8-oxoG, is an indicator of the conformational

transition. In fact, similar changes in the RMSD can be seen at 200 and 450ps

in Figure 2 From the RMSD, however, the clear transition at 50 and 900ps

shown in Figure 11 can not be seen clearly. This means that a large

conf ormational transition can occur in the range of a constant RMSD. It should

be noted that the big change of RMSD at 700ps which is corresponds to a large

transition of the first principal component at the same time does not

contribute to the large transition of the first principal component at 750ps.

Therefore, the first principal modes of the -oxoG DNA show better

description of the conformational transition than RMSD. Therefore it is

considered that the change of the formation of water-mediated hydrogen

bonding at the (8-oxoG) residue plays a role as a trigger of the

conformational transition or at least as an indicator of the transition.

The unique local structure at the (8-oxoG)4 residue on the 8-oxoG DNA

influences on the entire dynamics and may be an important element for repair

enzymes to recognize the damaged site.

4. Conclusions

1 nanosecond molecular dynamics simulations of duplex d(CGCGAATTCGCG)2

and of its oxidized derivative duplex

d (CGC (8 -oxoG) AATTCGCG) d (CGCGAATTCGCG) including 8 -oxoG were performed in

aqueous medium. It has been shown that the 8-oxoG DNA maintained the

Watson-Crick type base pair of (8-oxoG 4 C5 and remained stable in the B-DNA

conf ormation during the simulation. However, it was revealed that conversion

from G4 to (B-oxoG)4 significantly influences the structural and dynamic

properties of the DNA.

The electric partial charges of the 8-oxoG produced a new acceptor of 8

and a new donor of H7, and contribute to the unique patterns of the hydrogen

bond network around the (8-oxoG)4 residue. This big change affected the

environment around the (8-oxoG 4 residue and caused large local distortion.

In particular, the structural parameters of )(, E� at the (8-oxoG 4 residue

andhelicaltwistattheC3:G,,- (8-oxoG)4:Cl-lstepdeviatedfromthestandard

native DNA conformation. The glycosidic torsion angle )( deviated to a high
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anti orientation because of the electrostatic repulsion between negatively

charged phosphate and negatively charged 08, and the steric hindrance between

08 and 04' of deoxyribose of the (8-oxoG)4 residue. The F-� at the (8-oxoG)4

residue adopted a rare BI, conformation rather than a usual conformation.

This conformation allowed water molecules to come into the position between

02P and 08, and form a bridge between 08, 02P, H7 of the (8-oxoG)4 residue

and the adjacent residue of C3. Therefore, the 8-oxoG DNA is structurally

stable in spite of the structural deformation due to the new hydrogen bond

network around the (8-oxoG 4 residue. The f irst principal component analyzed

by PCA showed that the water hydrogen bonding between 08 and 02P of the

(8-oxoG 4 residue plays a role as a trigger f or the conf ormational transition

in the conformational space.

It is considered that the mechanism of the local distortion of O.in high

anti orientation, E-4 in the BI, conformation and under-wound helical twist

at the (8-oxoG)4 residue on the 8-oxoG DNA sequence would be common in any

DNA sequence including 8-oxoG as similar results of the local deformation

were obtained from d(CCA-(8-oxoG)-CGCTCCC)2, BDJB57, in the X-ray

crystallography. The specific distortion of the glycosidic tortion angle

)( may be structurally important for DNA glycosilases such as MutT catalyzing

the glycosidic torsion bond which connects the damaged base and deoxyribose.

Moreover, the specific water molecules which form the hydrogen bonding

network and the conformational transition of the 8-oxoG DNA induced by the

fluctuation of local distortion around the (8-oxoG)4 residue may be

dynamically important as an initial step for the recognition of DNA repair

enzymes.
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Table I

A comparison of the correlation coefficients (CCs) between the 08-02P

distance and backbone-sugar parameters of 8-oxoG DNA with those between the

H8-02P distance and backbone-sugar parameters of native DNA.

sequence ot P Y 6 x P
10-2 19*10-2 8.10-2 10-2

C, 6.40* 6. 1.8 3.40* 3 .08*10-2

1.65* 02 -2. 63*10-' 2 81*10-2 2.38* 02 -3.02* 10-2

G2 -9.35* 10-2 -0.134 -2. 98*10-' -0.158 1.49* 10-2 -4.74* 10-2 0.161
-4.36* 10-2 6.27* 10-2 -0.225 0.252 0.486 0.157 8.17* 02

C3 7.85* 10-2 6.17* 02 8.44* 02 0.386 6.88*10-2 0.235 0.316
--0.153 -0.261 -0.180 O.S88 0.268 0.462 0.592

(6-oxoG)4 0317 -0.236 -0.316 -0.496 0.458 0.393 -0.487
G4 -0.360 -0.285 -0.336 -0.554 0.100 -7.14* 10-2 -0.639

A5 -0.333 0.158 1.4 8*10-2 _1. 10*10-2 4 96*10-3 6.93* 02 2. 00*10-2

_1 . 1 1-2 '3.12* 10-3 -9.2 9*10-2 -0.142 -9.05* 10-2 4.51* 10-3 0.208

A6 -7.25* 10-2 -0.137 -8.37* 10-2 8.41* 10-2 0.314 0.254 6.92* 02

-0.154 -0.141 1.67* 02 -0.241 -4.2 1*10-2 -0.139 -0.235

T7 8 . 9*10-2 0.291 -0.209 3.64* 10-2 3.87* 02 -6.24* 10-2 3.70* 10-2

6.48* 02 5.86* 10-2 0.178 0.198 0.121 -5.68* 10-2 0.206

The upper and low lines are for 8-oxoG DNA and native DNA respectively. The

CCs larger th-an 0300 or less than 0.300 are written in bold. For the sake

of brevity, the residues far from T7 are omitted because most values are

close to zero.
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Table II

A comparison of the correlation coefficients (CCs) between the 08-02P

distance and helical parameters of 8-oxoG DNA with those between the H8-02P

distance and helical parameters of native DNA.

step X-disp Y-disp Rise Inc Tip Twist

CI:G24 - G2:C23 -0.153 2.35* 02 -4.87- 1 0-2 0.117 -4.47*10-2 _0.108

-2.71*10-2 _.108 -4.78*1 0-2 3.76*1 0-2 1 . 9 9 * 02 3.87 *10-2

G2: C23 C3 G22 5.30* 02 5. 69* 02 -7.14* 02 1.39* 1 0-2 2.34* 1 0-2 0.161

0.249 0.378 -0.141 -2.41* 1 0-2 -5.55*10-' 0.199

C3:G�2 (8-oxoG)4:C21 0490 -0.134 -0.309 0.387 0.105 -0.468

C3: G22 - G4 C21 -0.420 -0.312 -2.63* 02 0.312 .5.16*10-2 539*10-3

(8-oxoG 4 C21 - A: T21 1 96* 02 8.83* 1 0-2 4 20* 02 8. 8 5 1-2 _8.18*10-2 5. 00*10-2

G4:C21 - A:T20 7.29* 10-2 -2.08* 02 8.75* 02 6.7 1*10-2 -0.182 0. 226

A5:T20 - A6:Tlg 2.93* 1 0-2 -8.71*10-2 -0.185 9 7 0*10-2 -3.47 *10-2 -0.103

0. 190 -0.192 -0.188 7.56*10-2 -1.17*10-3 _118

A6:Tl - T7:A18 0.220 0.172 1. 67*10--' -0.167 -7. 11 1-2 0 11 1

-0.147 5.26* 1 0-2 -8.45* 02 2.69* 1 0-2 5.72* 1 0-2 0.162

The upper and lower lines are for 8-oxoG DNA and native DNA respectively.

The CCs larger than 0300 or less than 0.300 are written in bold. For the

sake of brevity, the steps of base-pairs far from A6:Tl - T7:A,13 are omitted

because most of these CCs are close to zero.
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H7 06
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N7-� C5 1-1 C6 '-W1- H1

08 � C8 I

04' N9-- r-4 '- N3 W HZI

- C4' C1,-H1' H22

CT C2'-

Figure 

Schematic illustration of the residue of 7 8-dihydro-8-oxoguanine (8-oxOG)

used in this study is shown. In a normal guanine base, the 08 oxygen is

replaced by H8, and H7 does not exist in the natural Guanine. The partial

charges of the atoms labeled were newly determined except for C21, C31 and

c4l.

3-
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2-
4Z
Cn - o'A
'2

0

0 200 400 600 800 1000

Time (ps)

Figure 2

Time evolution of the root mean square deviation (RMSD) of all atoms in DNA

from the initial structures is shown. The horizontal axis is the simulation

time in picoseconds after equilibration. The black line and the gray line

show the data from the simulations on 8-oxoG DNA and normal DNA respectively.

The unit of RMSD is .
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Figure 3

Time evolution of the distance between 08 and 02P of 8-oxoG residue, and

the distance between H8 and 02P of G4 residue. The horizontal axis is the

simulation time in picoseconds after equilibration. The black line and the

gray line show the data from the simulations on 8-oxoG DNA and normal DNA

respectively. The unit of distance is A.
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Distance

Figure 4

Normalized radial distribution function g(r) of water-oxygen density. The

thick black line, the thin black line and the gray line show g(r) of the

target atoms, 08, H7 of 8-oxoG and H8 of G4 respectively. The horizontal

line indicates distance from the target atoms. g(r) was normalized by the

water of g/cmI.
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Figure 

Snapshotof thevicinityof the (8-oxoG)4 residue at 300ps after equilibration

is shown. The yellow lines show hydrogen bonds.
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Figure 6

Changing in E-( at A6 during the simulation. The horizontal axis is the

simulation time in picoseconds after equilibration. The unit of E- is

degrees.

147 -



This is a blank page.



JAERI-Conf 2002-005

(a) (b)
2

150�--

15C� 1 O(Y
50r:

CIO W

-50rz

5q- I Oa:
strand (1-12) strand 11(24-13) 15(Y] strandl(I-12) strandll(24-13)

0 4 8 1224 20 16 0 4 8 1224 20 16
Residue number Residue number

(C) (d)
-40 1 200- 111111111111111 1111111111

-60-
- 150-

-80- -

-100-
00t

120-

-140- 5

-160� 1 1-12) strand 11�2.4-13 - strand 11-12) strand 11(24-13)
-180 1 11 1 1111 11 1 1 I 11 7 1T _ r I 11 1 1 11 11 1 1 1 1 11 1 11 11 11 11 11

0 4 8 1224 20 16 0 4 8 1224 20 16
Residue number Residue number

Figure 7

Backbone parameters of (a), E� (b) (c) and sugar puckering (d) are

shown. The black line and the gray line show the parameters of 8-oxoG DNA

and native DNA respectively.

The horizontal line is the DNA nucleotide number. The numbering of strand

II from C13 to G24 is reversed. The unit of vertical axes is degrees.
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Figure 

Helical parameters of X-disp (a) Rise (b) , Inc (c) and Twist (d) are shown.

The black line and the gray line show the parameters of 8-oxoG DNA and native

DNA respectively. The horizontal line is the base-pair number of base step.

The unit of X-disp and Rise is A, and the unit of Inc and Twist is degrees.
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Figure 9

A snapshot of the step of base-pairs Of C3:G - (8-oxoG)4:C2jand (8-oxoG)4:C21

- A5:T20. The b ase-pairs ofC3:G22, (8-oxoG) 4C21 andA5:T20 are drawn inyellow,

red and blue respectively. The time of the snapshot is 300ps after equilibrium,

the same time as the snapshot in Figure S.

- 15 -



This is a blank page.



JAERI-Conf 2002-005

0.8
0

0.6

0.4
0
U 0.2-

0 1
0 1 0 20 30 40 50

Principal Component number

Figure 0

Accumulated relative contributions of the first 50 principal components to

the mass-weighted mean square fluctuation are shown. The black line and the

gray line show the accumulated values of 8-oxoG DNA and native DNA

respectively.
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Figure 11

The projection of MD trajectories onto the first eigenvector from 8-oxoG

DNA is shown. It is scaled by the standard deviation. The horizontal axis

is the simulation time in picoseconds after equilibration, and the vertical

axis is the component of the projection. The circles and crosses at the bottom

show that the 08-02P distance is less than 475 A and larger than 7 A

respectively.
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5.2 X-ray Absorption Near Edge Structure of DNA Bases

Kentaro FUJII, Ken AKAMATSU'), Akinarl YOKOYA, Yasuji MURAMATSU, JAERI SPring-8,

')Japan Sci. Tech. Corp.

Untroduction
Selecting a photochemical reaction site at specific base in a DNA molecule is important to

understand the molecular mechanism of base damages by "direct effect". We have
investigated base selective excitation of DNA by inner shell photo-excitation. An inner shell
orbital is highly localized, and the difference in binding energies of core electrons is large
enough not only to allow the selective excitation of specific element, but also to open a way to
select a specific functional group. In this study, we observed the X-ray absorption near edge
structure (XANES) spectra of DNA bases (A, T, G and C) using the monochromatic soft
X-rays 400 - 560 eV) from synchrotron radiation. The photon energy range provides the
electron binding energy of the core orbital of nitrogen and oxygen K shell.

2.Experimental
Experiments are performed at the JAERI soft X-ray bearnline BL23SU at the SPring-8.

DNA bases are evaporated on an Au coated polished Si surface. The thickness of the
evaporated sample was measured by using a crystal thickness nionitor positioned near the
sample durin( evaporation. XANES spectraZ�l Experimental

were obtained by measuring the sample (a) N K-edge ................ Calculated

drain current. All the equipments were set up 14 4
1 0-6in an ultra-high vacuum (below 5 x Pa)

12 - Adenine

chamber, and all measurements were made 10 ........ 3

at room temperature. _aLwi nej

2
63.Results and discussion

...........Figure I (a) and (b) show the nitrogen Si 4-

and oxygen K shell XANES spectra of each 2 -

DNA bases (A, T, G and C). It shows the Cylosine0

characteristic spectrum structures in each .......... ... ....... ............. T: O

_L i ' -1 ' ' 'spectrum. The obtained spectra were 396 400 404 408 412 416 420

theoretically analyzed by the discrete Photon Energy /eV(b) 0 K-edge
variational density functional formalism I I I 1.2

(DV-Xa) method. In these spectra the strong 14 Guani

peaks near 398 - 402 eV (N K-edge) and 12 1.0
.... 6..... ..... '- 6 ................. ..........

530 - 533 eV (O K-edge) assigned to 7* =i 10 0.8
Thyrniresonant excitation and some broad peaks 8

near 402 - 410 eV (N K-edge) and 535
6 -

540 eV (O K-edge) were assigned to 7* S� 4 0.4

resonant excitation. Some of the results will

be described at the session with emphasis on 2 Cyt 0.2

novel expei-Iments for studies of mechanism 0 1 ........ 1................ .......... ..... -1 0.0

of DNA damages. 524 528 532 536 540 544 548 5 52 556
Photon Energy /eV

Fig 1. XANES spectra of DNA bases (solid lines) and
calculated spectra by DV-Xcx (dashed lines), (a) N K-educ

and (b) 0 K-ed-e region.
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5.3 Characterization of Radiation Damages in DNA Components by Energy Deposition from

Monochromatic Synchrotron Ultrasoft X-rays

Ken Akamatsul, Kentaro Fujii2 and Akinari Yokoya 2
2 -8, Japan Atomic Energy

'Japan Science and Technology Corporation, Saitama, Japan. SPring

Research Institute, Hyogo, Japan.

Determining the chemical structures of radiation damages in DNA is quite important to

clarify enzymatical processes to the damages and subsequent biological endpoints. In

particular, mechanism of the damages induced by direct energy deposition from ionizing

radiation on DNA has been hidden in a veil because of predicted complexity in the radiation

chemical process initiated by the excitation. One of the successful methods to study the direct

effect is use of synchrotron radiation. It has high photon flux over a wide energy range enough

to give sufficient high-density monochromatic photons, which are essential to get high-

resolution X-ray absorption near edge structures (XANES) of DNA and its related

compounds. With the monochromatic soft X-rays, it is possible to study the selective

excitation of K-shell electron to a specific transition state at all constituent atoms in DNA,

namely carbon, nitrogen, oxygen and phosphorus.

In this study, XANES spectra of DNA and related components at the oxygen K-shell edge

were measured using a ultrasoft X-ray undulator bearnfine (BL23SU) newly constructed at a

third generation synchrotron radiation facility, SPring-8. Characteristic resonant energies and

the peak intensities were observed on the XANES spectra. These results are expected to be a

standard for dosimetry in the study of DNA damage in the energy region of the ultrasoft X-

rays. We also found that an oxygen absorption peak, which corresponds to an electron

transition from an oxygen K-sell to an anti-bonding molecular orbital (I sAR?*), turns up in the

XANES spectrum of 2-deoxy-D-ribose after irradiation of the ultrasoft X-rays around oxygen

K-edge. The spectral change would be responsible for production of a carbonyl group in the

molecule, which was further supported by appearance of an absorption peak corresponding to

C = stretching (- 1700 cm-') by a series of infrared spectroscopic analyses. This

phenomenon suggests that one of the mechanism of DNA strand break by direct energy

deposition from ionizing radiation would be occurred at the phosphodiester linkage in

accompany with C = production at C3' or C5' in deoxy-D-ribose moiety.
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5.4 A Novel Protein That Recognizes DNA Strand Break

Issay Narumi,1 Katsuya Satoh,"' Masahiro Kikuchi'

Biotechnology Laboratory, Department of Radiation Research for

Environment and Resources, Takasaki Radiation Chemistry Research

Establishment, Japan Atomic Energy Research Institute, 1233 Watanuki,

Takasaki 370-1292, Japan

2United Graduate School of Agricultural Science, Tokyo University of

Agriculture and Technology, 35-8 Saiwaicho, Fuchuu 183-8509, Japan

Abstract

By analyzing a DNA damage-sensitive mutant of the radioresistant

bacterium Deinococcus radiodurans, we discovered that a novel protein

participates in the extreme radiation resistance of this bacterium. The

protein (designated PprA for promoting prominent repair) can recognize

DNA strand breaks. PprA could bind to double-stranded DNA (dsDNA) in the

open circular form and to linear dsDNA, but could not bind to either dsDNA

in the closed circular form or single-stranded DNA (ssDNA) . Further,

under conditions where a substantial amount of degradation of naked DNA

fragments would normally result from the activity of E. col i exonuclease

III, no DNA degradation was observed when the DNA fragments were

preincubated with PprA. These suggest that PprA would protect

irradiation-damaged DNA from exonuclease-mediated degradation and

consequent DNA repair processes could function. Beside DNA-binding

ability, PprA could promote the activities of DNA repair enzymes such

as DNA ligase and RecA, suggesting that PprA functions as a DNA

repair-promoting protein to potentiate the effectiveness of DNA repair.

These properties enable PprA to use the widespread application in vivo

and in vitro.

Keywords; Deinococcus radiodurans, DNA repair, double-strand breaks,

PprA protein.
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1. Introduction

Delnococcus radiodurans is a nonsporing, nonmotile, spherical

eubacterium, and characterized by its extraordinary resistance to the

lethal and mutagenic effects of ionizing and ultraviolet irradiations

and many other DNA-damaging agents 13) . Many studies have been f ocused

on understanding the resistance mechanism during 45 years since the first

isolation of this bacterium from irradiated canned beef 4 After 0

years, it was demonstrated that this bacterium possesses very high

capacity for repairing ionizing radiation-induced DNA double-strand

breaks (DSB) that are lethal in nearly all other organisms (5 6 However,

little is known about the molecular basis for this phenomenon.

In 1999, the whole genome sequence of D. radiodurans was published 7)

Genome analysis revealed that the genome of D. radiodurans encodes almost

all the major prokaryotic proteins involved in DNA repair, and it remains

unclear therefore whether this bacterium possesses a unique mechanism

for the highly efficient DNA repair that makes it so resistant. Of the

total open reading frames identified in D. radiodurans, 53% encode

proteins of unknown function, and it is possible that proteins involved

in the extreme radiation resistance are included in the functionally

unknown proteins 7 Hence, analysis of these proteins becomes the next

target of DNA repair study on D. radiodurans.

Even though D. radiodurans is extremely resistant to the lethal and

mutagenic effects of many DNA-damaging agents, it is not difficult to

isolate DNA damage-sensitive mutants of this bacterium. In fact, over

50 such mutants have been generated by

N-methyl-lV'-nitro-N-nitrosoguanidine (MNNG) mutagenesis (8 9 The

genome of D. radiodurans does not encode ada or ogt gene, product of which

is known to act for alkylation transfer 7 Therefore, the

&-methylguanine premutagenic lesions caused by MNNG treatment may result

in base substitution mutation (10, 11). By analyzing the DNA

damage-sensitive mutants, several genes whose mutations render D.

radiodurans sensitive to DNA damage have been identified 12-17).

However, all of them were known DNA repair genes whose homologs had already
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been found in Escherichia coli (polA, uvrA, ruvB, recN, recA, recR).

We analyzed a mutant strain KH311 that shows a highly

radiation-sensitive phenotype (18), and identified a novel gene

responsible for the radiation resistance of D. radiodurans. Here we

report some properties of its product relevant to DNA repair.

2. Methods

2.1 Strains and gene disruption

Wild-type (KD8301) and mutant (KH311) strains are previously described

(13, 18) . The mutation in strain KH311 (pprA446) was identified via

natural transformation and sequence comparison by the same strategy as

described 13, 15, 16) . Gene disruption was made by a direct insertional

mutagenesis ethod via a double-crossover event and verified by PCR as

described (15, 19). Targeting plasmids for the disruption of pprA was

derived from pZA8 20, 21). The pprA null mutant carried pprA428 :cat.

Generation of the recA null mutant carrying recA229 :cat was previously

described 21).

2.2 Irradiation and cell survival measurement

D. radiodurans cells grown to early stationary phase were used for

determining the cell survival rate. For irradiation with y-rays, cells

were harvested, washed twice, and resuspended in phosphate buffer (10

mM, pH 7 0) . The cell suspension was irradiated at room temperature for

3 h with 6Co at several different dose rates (from 03 to 28 kGy/h by

changing the distance of samples from the y-ray source (from 30 to 190

cm). For mitomycin-C (MMC) treatment, MMC was directly added to the

culture at a concentration of 20 pg per milliliter. Then, the cells were

incubatedat3O'Candwithdrawnatvarioustimepoints. Aftertreatments,

the cells were diluted in phosphate buffer, plated on solid media, and

incubated at 30'C for 3 days prior to the colonies being counted.

2.3 Purification of PprA protein

The coding region of pprA was amplified by PCR from pZA8 containing

the wild-type sequence, and ligated into the NdeI-BamHI fragment of pET3a
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(Novagen) for expression in E. coli. Purification of PprA protein was

carried out by sonication, polymin-P treatment and ammonium sulfate

precipitation, followed by chromatography separations using DEAE

Sepharose, Sephacryl S300 and Mono Q columns (Amersham Pharmacia

Biotech) . The purified protein was maintained in a buffer containing 20

mM Tris-HC1 (pH 74) and 2 mM EDTA. PprA antiserum. was raised against

the purified protein.

2.4 Detection of intracellular levels of PprA protein

D. radiodurans cells resuspended in phosphate buffer were irradiated

at a dose of 2 kGy. The cells were then incubated in fresh liquid medium

at 30'C for 2 h with agitation. Crude cell extract was prepared as

described 19) and subjected to SDS-polyacrylamide gel electrophoresis.

The resolved proteins were transferred onto a polyvinylidene fluoride

(PVDF) membrane (Millipore) , and incubated with E. coli RecA antiserum.

(diluted 1:500) 21), D. radiodurans PprA antiserum (1:10,000), or E.

coli GroEL antiserum (1 4000) 19), together with alkaline

phosphatase-conjugated rabbit IgG antiserum (Applied Biosystems).

Chemiluminescent signals on the PVDF membrane were visualized using a

Lumi-Imager F1 Workstation (Roche Molecular Biochemicals).

2.5 DNA-binding property of PprA

Purified PprA protein 12 pM) was incubated with �X174 DNA (RF I, 

ng; RF II, 50 ng; paLl-digested linear dsDNA, 50 ng; circular ssDNA,

100 ng) in buffer A containing 10 mM Tris-HC1 (pH 74) and 15 mM MgC12

at 37'C for 30 min, and sampled for agarose gel mobility shift assay.

For inhibition of exonuclease activity, linear �X174 dsDNA 75 ng) was

preincubated with/without 16 pM PprA in buffer A at 37'C for 30 min,

and incubated with 18 u E. coli ExoIII (Takara) . At indicated times, the

reaction was stopped by phenol-chloroform treatment, and subjected to

agarose gel electrophoresis.

2.6 Promotion of DNA ligase activity

Linear �X174 dsDNA 75 ng) was incubated at 37'C with 10 u T4 DNA ligase
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(Promega) or 60 u E. coli DNA ligase (Takara), in a buffer recommended

by the manufacturer, in the presence or absence of PprA. After 10 min,

the reaction was stopped by phenol-chloroform treatment, and subjected

to agarose gel electrophoresis.

2.7 Promotion of DNA strand exchange reaction

The reaction mixtures contained 20 mM Tris-HC1 (pH 75), 10 MM MgC12,

1 mM dithiothreitol, 32.3 ng circular �X174 ssDNA, 32.3 ng �X174 dsDNA

(linearized by digestion with HincII) , 0 9 pM E coli ssDNA binding protein,

2 mM ATP 17 pM E. coli RecA and 49.5 nM PprA. The reaction mixture was

incubated at 37'C and stopped at indicated times by addition of 0. 5% SDS,

40 mM EDTA and 2 mg/ml proteinase K. Then, DNA strand exchange products

were separated by agarose gel electrophoresis.

3. Results Discussion

3.1 Identification of pprA gene

The novel gene responsible for the radiation resistance of D.

rad! odurans was discovered by identif ying a def ective locus in the mutant

strain KH311. We found that the MMC sensitivity of the mutant could be

restored by transforming with a cosmid clone pDC144 13) carrying

wild-type genome sequence. MMC inactivates cells by cross-linking the

strands of the DNA helices, and repair of such damages involves removal

of the cross-link and repair of strand breaks formed. Thus,

radiation-sensitive mutants of D. radiodurans are also MMC sensitive.

Using a deletion library of pDC144, the defective locus was localized

within a 6-kb region in chromosome II. Sequence comparison of this region

between the wild-type and the mutant revealed that a missense mutation

was occurred in the gene encoding an unknown protein (DRA0346) (Fig. 1) .

The gene was designated pprA for promoting prominent repair. In the

mutant KH311, a missense mutation was occurred in the pprA gene (pprA446)

The pprA446 mutation causes an amino acid substitution (Gly to Glu at

position 149 of the pprA -gene product (Fig. 1) . The sensitivities of a

pprA null mutant carrying pprA428:: cat to y-rays and MMC was

undistinguishable from that of KH311 (Fig. 2 indicating that the pprA44 6
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mutation causes a complete loss of function of the pprA gene product.

3.2 Purification of D. radiodurans PprA protein

To examine the property of the pprA gene product, we purified the

wild-type protein as described in Methods. The purified PprA protein

migrated on a SDS-polyacrylamide gel with an apparent molecular mass of

31 kDa. This is close to the molecular mass 3 4 Da) calculated from

DNA sequence data. Amino acid sequencing of the purif ied protein revealed

that the N-terminal sequence was

Ala-Arg-Ala-Lys-Ala-Lys-Asp-Glh-Thr-Asp-Gly-Ile. This was completely

consistent with the sequence from the second to thirteenth residues of

the primary structure predicted from the DNA sequence data. Thus, the

purified protein was confirmed to be D. radiodurans PprA.

3.3 Induction of pprA gene by irradiation

It has been shown that proteins induced by irradiation are necessary

for the rejoining of DNA breakages in D. radiodurans 22) . To check

whether PprA is radiation-inducible, changes in its intracellular level

following7irradiationwasinvestigatedbyimmunoblotanalysis. Asshown

in Fig. 3 increased levels of PprA were observed in both the wild-type

strain (pprA+) and the mutant KH311 (pprA446) following irradiation,

whereas no change was observed in the level of GroEL. Since the

deinococcal RecA protein is also radiation-inducible 19, 21), it is

possible that the mutations in pprA reduce the induction of RecA, and

thereby the cells show the radiation-sensitive phenotype. However, the

result of immunoblot analysis demonstrated that the pprA mutations do

not affect the induction of RecA following irradiation, confirming that

PprA itself is important for the radiation resistance. This result

further implies that PprA has some kind of relationship with RecA in repair

of radiation-induced DSB. In a recA null mutant (strain RN201 carrying

recA229 :cat) that exhibits an extremely radiation-sensitive phenotype

(21), the induction of PprA was normally observed, suggesting that PprA

functions effectively in the presence of RecA.
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3.4 DNA-binding property of PprA

In a first step to reveal the practical function of PprA in repair of

radiation-induced DSB, we examined whether PprA possesses DNA-binding

activity. As shown in Fig. 4 PprA could bind to dsDNA in the open circular

form (RF II) and to linear dsDNA, but could not bind to either dsDNA in

the closed circular from (RF I) or ssDNA. These results suggest that PprA

would bind to DNA carrying strand breaks. Further, under conditions where

a substantial amount of degradation of naked DNA fragments would normally

result from the activity of E. coli exonuclease III (ExoIII), no DNA

degradation was observed when the DNA fragments were preincubated with

PprA (Fig. 5. This result supports our notion that PprA binds to DNA

carrying strand breaks, and further suggests that it would protect

irradiation-damaged DNA from exonuclease-mediated degradation and

consequent DNA repair processes could function.

3.5 Promotion of DNA ligase activity by PprA

Next, the effect of PprA on DNA ligation was investigated. PprA could

promote DNA ligation reaction by T4 DNA ligase (ATP-dependent) and by

E. coli DNA ligase (NAb-dependent) at a concentration giving complete

inhibition of E. coli ExoIII activity (Fig. 6. PprA itself had no DNA

ligase activity. The stimulation of DNA ligase activity was dependent

upon the concentration of PprA. At an optimum concentration of prA, the

ratio of ligated products per total DNA was increased by 56 and 26 in

the reaction with T4 DNA ligase and E. coli DNA ligase, respectively.

Much higher concentrations of PprA gave less ligated product. Since D.

radiodurans has a homologue of E. coli DNA ligase (DR2069 7 it is

conceivable that PprA can help direct the repair of DNA strand breaks

in vivo.

3.6 Promotion of DNA strand exchange reaction

To gain an insight into the interaction between RecA and PprA, the ef f ect

of PprA on a DNA strand exchange reaction by E. coli RecA was investigated.

The ratio of DNA strand exchange products (gapped circular heteroduplex

DNA) per total DNA was increased by approximately 15% at the initial 75
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min and 15 min reaction times in the presence of PprA, although no

significant increase was observed at 30 min (Fig. 7. This result

suggests that PprA is involved in the recombination repair process in

D. radiodurans via acceleration of DNA strand exchange reaction. The

stimulation of DNA strand exchange reaction was dependent upon the

concentration of PprA. Lower concentration of PprA reduced the promoting

ef f ect, and higher concentrations results in the inhibition of DNA strand

exchange reaction. We speculate that a balanced amount of RecA and PprA

is important to achieve efficient recombination repair in vivo.

4. Conclusions

For 35 years since the discovery of the efficient DSB repair in D.

radiodurans 5), the molecular mechanism was missing link. The discovery

of PprA reported here demonstrates that the novel protein is essential

to explain the extraordinary radiation resistance of D. radiodurans, and

further suggests that a novel repair system is hidden in this bacterium.

It was now become clear that the efficient DSB repair is in part

accomplished by a combination of PprA with other ordinary DNA repair

proteins. In other words, PprA functions as a DNA repair-promoting

protein to potentiate the effectiveness of DNA repair. This property

enables PprA to use the widespread application in vivo and in vitro. For

instance, it is possible to develop a detection system of location and

amount of DSB in cells using PprA. PprA is also a potential additive of

reagents for diagnostic and research purpose. Further study will reveal

the entire picture of the novel repair system involved in PprA. The

understanding of potential of DNA repair capacity in living organisms

will lead to develop an efficient recovery system from radiation-induced

damage. To achieve this, it is necessary to build up an organic

collaboration of experimental molecular biology, structural biology, and

computational biology.
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Fig. 1. Localization of the mutation site in D. adius mutant KH311.
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Fig. 2 Sensitivities of D. radiodurans to y-rays and MMC.
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Fig. 3 Changes in intracellular PprA, RecA, and GroEL levels following

y irradiation.
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Fig. 4 DNA-binding activity of PprA.
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Fig. 5. Inhibition of ExoIII nuclease activity by PprA.
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Fig. 6 Promotion of DNA ligase activity.
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Fig. 7 Promotion of DNA strand exchange reaction.
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ABSTRACT

In Escherichia coli, the inducible DNA repair system (the SOS system)

is regulated by two key proteins; RecA and LexA. Although SOS-like

processes have been documented in a wide variety of eubacterial species.

The involvement of RecA and LexA in the SOS response is poorly understood

in Deinococcus radiodurans. As expression of the deinococcal ecA is

enhanced after irradiation, the recA seems to be a member of a DNA damage

response regulon in D. radiodurans. By investigating the function of

deinococcal proteins, we found that LexA is not involved in the regulation

of RecA in D. radiodurans. This led us to speculate that D. rdians

has an alternative DNA damage response mechanism with which to control

.recA expression. We discovered that a, novel protein regulates the

expression of ecA. The novel regulatory protein (designated PprI) also

controls the induction of ppzA following irradiation. We also found that

the co-protease activity rather than recombination activity of RecA

contributes to the radiation resistance in D. radiodurans. The D.

radiodurans genome encodes a second but diverged copy of LexA (designated

LexA2). Analysis of LexA2 indicated that still-unknown repair gene are

down-regulated by LexA2. Thus, D. radiodurans possesses unique

mechanisms of DNA damage recognition and repair gene induction.

KEY WORDS; Deinococcus radiodurans, DNA repair protein induction, DNA

damage response, regulatory mechanism
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1. Introduction

Deinococcus radiodurans is characterized by its extraordinary

resistance to the lethal and mutagenic ef f ects of ionizing and UV radiation

and to many other DNA damage agents. This resistance is considered to

due to a high proficient DNA repair capacity 13) . As the rejoining of

double-strand breaks can be prevented by adding chloramphenicol to the

incubation mixture, proteins induced by y irradiation are necessary for

the rejoining of DNA breakage 4 Several DNA damage inducible proteins

that may be required for DNA repair have been detected in the cell extract

of D. radiodurans by two-dimensional polyacrylami de gel electrophoresis

(5 6. These observations suggest that D. radiodurans possesses a DNA

damage response mechanism. However, little is known about the molecular

basis for the control of the inducible proteins.

In Escherichia coli, the inducible DNA repair system (the SOS system)

is regulated by two key proteins; RecA and LexA 7 8 E. coli RecA is

activated by DNA damage to mediate the proteolytic cleavage of The E.

coli LexA repressor, resulting in depression of the SOS regulon containing

recA. The SOS response in Bacillus subtilis progresses in a similar

manner, with B. subtilis RecA having an identical role in controlling

the SOS regulon together with a cellular repressor protein that is

functionally homologous to the E. coli Lex.A repressor 9 Although

SOS-like processes have been documented in a wide variety of eubacterial

species (10, 11) . The involvement of RecA and LexA in the SOS response

is poorly understood in Deinococcus radiodurans.

In 1999, the whole genome sequence of D. radiodurans w as published

(12) . Genome analysis revealed that the genome of D. radiodurans encodes

almostallthemajorprokaryoticproteinsinvolvedinDNArepair. However,

the genome analysis could not clarify why this organism is radiation

resistant. Of the total open reading f rames identif ied in D. radi odurans,

53% are proteins of unknown function. Consequently, it is conceivable

that these functionally unknown proteins include proteins involved in

the extraordinary radiation resistance.

We have characterized D. radiodurans LexA and RecA 13-15) and

identified novel genes responsible for radiation resistance (pprA and
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pprl . It has been shown that D. radiodurans encodes a second but diverged

copy of LexA (designated LexA2) 16) . We analyzed the function of these

genes by generating gene disruption strains. Here we reported a possible

mechanism of double-strand break repair in D. radiodurans.

2. Materials Methods

2.1 Bacterial strains, plasmid, and growth conditions

The bacterial strains and plasmids used in this study are listed in

Table 1. Growth conditions are previous described 14)

2.2 Construction of gene disruptants

D radiodurans lexA, recA, pprA, pprl, and 1exA2 were disrupted by

a direct insertional mutagenesis technique 17). First, a lexArecA,

pp.rA, pprX, or 1exA2 mutation was generated by the insertion of the KatCAT

or KatAPH Cassette in a plasmid carrying the wild-type gene through in

vitro manipulations. The mutation was introduced into the genome of D.

radiodurans by transformation through a double-crossover recombination.

Transformation of D. radiodurans was carried out as described 17).

2.3 Survival measurements

Measurement of cell survival rate following y-ray irradiation for D.

radiodurans was performed as described 17). Briefly, cells were

resuspended in 10 mM sodium phosphate buffer (pH 70), and irradiated

at room temperature for 3 h with 60CO y-rays at different dose rates (from

0 3 to 2 8 kGy/h) by changing the distance of samples from the O-ray source

(fr=30to190cm). Afterirradiationthecellsweredilutedinphosphate

buffer, plated on solid media, and incubated at 30'C for 3 days prior

colonies being counted.

2.4 Detection of intracellular levels of proteins

D. radiodurans cells were resuspended in 10 mM sodium phosphate buffer

(pH 7 0) , and irradiated at a dose of 2 kGy. The cells were then incubated

in fresh TGY broth at 30'C for 2 h with agitation. Crude cell extract

was prepared as described (15) and subjected to SDS-PAGE. The resolved
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proteins were transferred onto a polyvinylidene fluoride (PVDF) membrane

(Millipore) , and incubated with E. coli RecA antiserum. (diluted 1: 500) ,

D. radiodurans LexA antiserum. (1: 10, 000) or D. radiodurans PprA antiserum.

(1:10,000), together with alkaline phosphatase-conjugated rabbit IgG

antiserum (Applied Biosystems). Chemiluminescent signals on the PVDF

membrane were visualized using a Lumi-Imager F1 Workstation (Roche

molecular Biochemicals).

3. Results Discussion

3.1 Interaction of RecA and LexA proteins

To make clear in vivo interaction of RecA and LexA, we investigated

changes in intracellular levels of RecA and LexA following irradiation.

For this purpose, we generated a 1exA disruptant strain XE1 carrying

lexAl 66 :cat and a recA disruptant strain RN201 carrying recA229 :cat.

As shown Fig. 1, RN201 exhibited extreme y-ray sensitivity, as observed

in mutant strain rec3O carrying a recA670 mutation 6 13). While, XE1

showed a slightly higher rate of cell death than the wild-type strain

at high doses 6 and kGy) of y-rays, the disruption of 1exA did not

severely affect y-ray resistance.

The changes in LexA and RecA levels following irradiation were compared

among the disruptants and the wild-type strain (Fig. 2. In wild-type

strain KD8301, the level of LexA was decreased and the level of RecA was

increased after y irradiation. These results suggested that RecA is

activated during postirradiation incubation and promotes the proteolytic

cleavage of LexA. In strain RN201, the signal of RecA completely

disappeared because of gene disruption. Importantly, y irradiation did

not affect the level of LexA in RN201. These results suggested that RecA

is the sole protein required for LexA cleavage. In strain XE1, the signal

of LexA completely disappeared, confirming a successful disruption. If

LexA represses the expression of recA, constitutive production of RecA

at an elevated level can be seen in unirradiated 1exA disruptant cells.

However, this was not the case in strain XE1. RecA induction was observed

in XEl as in wild-type strain (Fig. 2 Thus, these results suggested

that LexA is not involved in the induction of RecA in D. radioclurans.
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In strain KI696 carrying a recA424 mutation, RecA was induced after

irradiationasinKD8301. AdecreaseinthelevelofLexAwasalsoobserved

in KI 6 96 after irradiation (Fig. 2 In contrast, no change was observed

in the LexA level in strain rec3O carrying a ecA670 mutation. RecA

induction was also observed in strain rec3O. These results indicate that

RecA424 retains co-protease activity, whereas RecA670 does not. RecA424

and RecA670 are defective in recombination activity 14, 15). However,

strain KI696 was only slightly sensitive to y-ray irradiation whereas

strain rec3O was extremely sensitive (Fig. 1) . From these results, we

suggest that the co-protease activity rather than recombination activity

of RecA contributes to the extraordinary radiation resistance in D.

.radiodurans. This, in turn, implies that some still-unknown but

important genes involved double-strand break repair mechanism might be

down-regulated by LexA.

3.2 Novel DNA'repair protein PprA

A DNA damage-sensitive mutant KH311 exhibited considerable

sensitivities to y-rays, UV, and mitomycin-C (18). We found that a

missense mutation was occurred in a gene encoding a hypothetical protein

(DRA0346). The wild-type gene was designated pprA for promoting

prominent repair. The pprA disruptant strain XN1 exhibited considerably

sensitive to y-rays, suggesting that PprA severely af f ect y-ray resistance

(Fig. 3 Production of PprA was enhanced af ter y irradiation in wild-type

strain KD8301, as found in RecA (Fig. 4 This result suggests that PprA

is also involved in a DNA damage-inducible repair mechanism.

In strain XEl (AlexA) , an increase in the intracellular level of PprA

was observed, suggesting that.LexA is not involved in induction of PprA

(Fig. 4 The induction of pprA seemed to be controlled by the same

mechanism as that of recA. Since the deinococcal RecA is

radiation-inducible, RecA has been considered to be the most overriding

participant involved in the extremely radiation resistance 19, 20).

Consequently, there is a possibility that the pprA mutation (pprA)

affects the induction of RecA, thereby, the cells carrying the mutation

shows the radiation sensitive phenotype. However, pprA mutation did not
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affect the induction of RecA (Fig. 4 confirming that PprA itself is

important for achieving the extremely radiation resistance. In strain

RN201 (ArecA), PprA induction was normally observed (Fig. 4, suggesting

that PprA effectively functions in the presence of RecA.

3.3 Novel regulatory proteins for DNA repair enzymes

A DNA damage-sensitive mutant KH840 21) showed a unique survival curve

with tailing at relatively higher doses of y-rays (Fig. 3 We identif ied

the defective locus in KH840. An insertional mutation was occurred in

a gene encoding a hypothetical protein (DR0167) by an insertion sequence

element IS8301. The wild-type gene was designated pprl. The pprl

disruptant strain YA1 exhibited extremely sensitive to y-ray and did not

show the tailing in the survival curve (Fig. 3.

We checked whether the pprI mutations (ppr-T307: : IS8301 and Appr.T)

affect the inductions of PprA and RecA. We found that, in the cells

carrying pprI mutations, neither PprA nor RecA was induced following

irradiation (Fig. 5) . This result indicates that PprI controls the

inductions of pprA and ecA as an activator protein.

Interestingly, it has recently been shown that D. radiodurans encodes

a second but diverged copy of LexA (DRA0074; designated as LexA2) that

retains the potential DNA binding domain and the autocleavage domain ( 6 

It would be interesting to determine whether LexA2 is involved in the

control of DNA damage response in D. radiodurans. We constructed a exA2

disruptant strain (designated as XS1 . In strain XS1, inductions of ReCA

and PprA were normally observed following irradiation (Fig. 5),

indicating that LexA2 is not involved in the inductions of these proteins.

Interestingly, the strain XS1 exhibited much higher resistance than the

wild-type at 15 kGy of y-ray (Fig. 3, suggesting that DNA repair enes

are down-regulated by LexA2.

4. Conclusions

It has been suggested that D. aians possesses a DNA damage

response mechanism. However, little is known about the molecular basis

for the control of the inducible proteins. We found that, like in E. coli,
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RecA is the sole protein required for LexA cleavage. We also found that

the co-protease activity rather than recombination activity of RecA

contributes to the radiation resistance in D. radiodurans. In addition,

we showed that some genes involved double-strand break repair mechanism

is down-regulated by LexA. Thus, D. radiodurans possesses a SOS-like DNA

damage response system, which is regulated by RecA and LexA. However,

unlike E. coli, induction of RecA was not regulated by LexA in D.

radiodurans. We found a novel DNA damage�inducible system involved in

RecA and PprA, which is regulated by a novel activator protein PprI.

Furthermore, it was speculated f rom. our results that still-unknown repair

genes might be down-regulated by LexA2. Thus, D. radiodurans possesses

unique mechanisms of DNA damage recognition and repair gene induction

(Fig. 6.
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Table 1. Strains and plasmids used in this study

Designation Relevant description Source or
reference

D. radiodarans
KR, Wild-type 22
KD830 As KR, but Ad6- DNase' 2 
KD8301 As KD830 but Smr 23
K16% As KD830 but recA424 8
KH311 As KD830 but pprA446 I 
KH840 As KD830 but pprl6O7::IS8301 21
XEI KD8301 IexA 166::cat, generated by insertional mutagenesis with pXKE6 14
RN201 KR, recA229:xat; generated by insertional mutagenesis with pKSCR3 14
XNI KD8301 pprA426:xat, generated by insertional mutagenesis with pXKN6 This study
YA I KD8301 pprI536:xat, generated by insertional mutagenesis with pYJScat4 This study
xS1 KD8301 lexA2::aph; generated by insertional mutagenesis with pLXK3 This study
MR, Wild-" 24
rec3O As MR, but recA670 25

E. coli
JM109 Host of pUC-based plasmid Takara.

Plasmid
pUC18 E. coli cloning vector; 27 kb; Ap' Takara
PUC19 E. coli cloning vector, 27 kb; Ap' Takara
pKatCAT pUCI 9 containing cat and D. radioduranskatAp 36 kb; ApCrn' 7
pKatAPH2 pUC19 containing aph and D. radioduranskatAp 38 kb; ApKm' This study
pZA8 pUC 9 with 6,005-bp allSwl ftaginent from containing IexA and pprA 26
pKS I pUC I with 4,402-bp ApaLI-Sph fagment containing recA 3
pYJSl pUC 9 with 8,698-bp Scal fi-agment containing pprI This study
pLSM2 pUC 9 with 6,072-bp EcoRl-BsrCjI fragment containing 1exA2 This study
pXKE6 pZA8 Eagl::915-bp Hincll fagment fi-om pKatCAT; IexA 166.:cat 14
pKSCR3 pKS I Bg/II::915-bp HincI fagment from pKatCAT; recA229:xal 14
pKXN6 pZA8 NspV::915-bp HincIl fi-agment from pKatCAT; pprA426::cal This study
pYJScat4 pYJS I AscI::915-bp HincII fagment from pKatCAT; ppr]536::cat This study
pLXK3 pLSM2 SmaI::975-bp Hincll fragment from pKatAPH2; lexA2::aph This study
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Fig. 1. Sensitivity of D. radiodurans to y-rays.
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Fig. 2 Changes in intracellular LexA and RecA levels following

irradiation.
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Fig. 3 Sensitivity of D. radiodurans to y-rays.
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Fig. 4 Changes in intracellular PprA and RecA levels following

irradiation.
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Fig. 5. Changes in intracellular RecA and PprA levels following

irradiation.
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Fig. 6 A possible mechanism of double-strand break repair in D.

radiodurans.
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5.6 Visualization of DNA Damage and Its Repair Process in
Deinococcus radiodurans by Pulsed-fleld Gel Electrophoresis

Masahiro Kikuchi, Issay Narumi, Yasuhi-o Kobayashi

(Biotech. Lab., Dept. Radiat. Res. Environ. Resources, TRCRE, JAERI)

Deinococcus radiodurans is known as the radiation resistant bacterium. The most striking
feature of D. radiodurans is that it can mend over I 0 double-strand breaks of genomic DNA
during post-irradiation incubation. This process can be clearly visualized using pulsed-field gel
electrophoresis (PFGE). It has been shown that proteins induced by irradiation are necessary for
the double-strand break repair in D. radiodurans. By a combination of protein synthesis
inhibition treatment and PFGE analysis, it is possible to estimate an initial period required for
induction of DNA repair proteins (induction time) and a total period required for completing
DNA repair (repair time). For instance, the induction time and the repair time following 2 kGy
y-irradiation were 100 min and 240 min, respectively. It was found that not only the repair time
but also the induction time was dependent to the given radiation dose. Thus, PFGE is a
powerful tool to analyze DNA damage and its repair process.
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---------------------------------
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5.7 Purification and Biochemical Characterization of the Archaeal Representative of Y-

family DNA Polymerases

12,PetrGRUZFrancescaM.PISAN MasatomiSHIMIZU',MasainiYAMADA',Ikuko
3 3

HAYASHI , Kosuke MORIKAWA and Takehiko NOHMII

IMRS Tokyo, UN K taly,3BERI Osaka

The recently uncovered new Y-family of DNA polymerases involved in the

replication of aberrant DNA templates spans across different species including bacteria,

archaea and eukaryota. Distinct branches within the superfamily are represented by proteins

involved in error-free (Rad3O) as well as error-prone (RevI; UmuQ replication of damaged

templates and in iregular replication of non-damaged templates (DinB).

We have previously purified the E. coh DinB protein and demonstrated its DNA

polymerase activity (DNA Pol IV) and ability to replicate misaligned primer-templates. Here

we overexpressed, purified and characterized the Dinl3 homologue (Dbh protein) from the

hyperthermophilic archaeon Suffiblobus solfalaricus which we term DNA Pol Yl.

Pol Yl was overexpressed in E. coh and purified to near homogeneity using 4

chromatographic steps. Using the in vro primer-extension assay we examined its DNA

polymerase activity and ability to extend misaligned primer-templates as well as to bypass

certain DNA lesions such as those occurring spontaneously in DNA at high temperatures. Pol

Yl resembled Pol IV in that it was able to extend specific G/G mismatch in a slippage mode

but unable to bypass non-instructional DNA lesions such as an AP site under the standard

assay conditions. Using the limited proteolysis approach we determined that both Po] Y I and

Pol IV share similar protease hypersensitive sites. Alike Pol IV which processivity is greatly

enhanced by the main DNA replicase accessory factors (i.e. subunit and y-complex) the

synthetic activity of Pol Y1 was stimulated by the homologous factors from S. soffataricus

(i.e. PCNA clamps and RFC complex). However, because Pol Yl displayed a higher affinity

for DNA compared to Pol IV, as tested by the BlAcoreX instrument, we suggest that the two

homologous DNA polymerases have distinct reason(s) to interact with the accessory factors

for efficient DNA synthesis.
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5.8 Mechanism of p53 activation in senescent cells

Masatoshi Suzuki, Keiji Suzuki, Seiji Kodarna and Masami Watanabe

Laboratory of Radiation and Life Science, Department of Health Sciences, School of Pharmaceutical

Sciences, Nagasaki University, 114 Bunkyo-machi, Nagasaki 852-8521, Japan

Abstract

Mammalian chromosomes have telomeres at their ends. Telomere-shortcned cells show p3-

dependent ieversible cell cycle arrest, but it is still unknown how p53 is activated in

telomere-shortened cells. We observed that phosphorylation level of p53 induced in

telomere-shortened normal human diploid cells. This phosphorylated p3 formed nuclear foci,

and it did not co-localize with TRF2, which is a protein binds to telomeric DNA. We also

detected foci of phosphorylated H2AX, but they did not co-localize with 'IRF2. Furthermore

Serl.5 phosphorylation was suppressed by wortmannin, an ATM kinase inhibitor. These

results suggest that p53 is activated through phosphorylation by ATM-dependent DNA

damage checkpoint pathway.

Keywords: p3, ATM, phospho-H2AX, TRF2, senescence

1. Introduction

Mammalian chromosomes have telomeres at their ends. A complex of telomeric DNA-

specific binding proteins protects DNA-termini from degradation and telomere fusion, and it

also plays a role in avoidance of activation of the DNA-damage checkpoint mechanism by

formation of t-loop [1]. Telomeres gradually become shorter in each division cycle, and

telomere-shortened cells terminate proliferation called senescence. Senescent cells have

activated p 2 however the mechanism of 3 activation in senescent cells is still

unknown. In this study, we examined whether p53 protein is phosphorylated at the site of

shortened telomeres. We also examined whether ATM is involved in the phosphorylation of

p53 in senescent cells. Furthermore we investigated phosphorylation of H2AX, which is a

histone protein phospholylated at Ser139 in response to DNA double strand breaks 3].

2.Methods

2.1. Cell culture and X-irradiation

Normal human diploid cells, HE49, were cultured in minimum Eagle's medium supplemented
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with 10% fetal bovine serum. Cells were subcultured every 3-5days to maintain exponential

.cell growth. Exponentially growing cells were irradiated with X-rays from an X-ray generator

at 150kVp and 5mA with a 0. 1mm copper filter. The dose rate used was 0.47Gy/min.

2.2. Western blot analysis

8 or 16 Ag of protein was electrophoresed on an SDS polyacrylamide gel and then

electrophoretically transferred to a polyvinyl difluoride(PVDF) membrane. After blocking,

the membrane was treated with primary antibody, secondary antibody and streptavidin-

alkaline phosphatase. The bands were visualized by NBT/BCIP solution.

2.3. SA-p-galactosidase staining

The procedure has been described in detail elsewhere 4 Briefly, cells were fixed with

fixation solution for 5min at room temperature and stained in staining solution with 1mg/ml

X-gal over night.

2.4. Immunostaining

Cells were cultured on a cover glass for two days. Then cells were fixed with 4 formalin for

10 min at room temperature and permeated in 0.5% Triton X100 solution on ice for 5min.

Phospho-p53, phospho-H2AX and TRF2 antibody were diluted with TBS at 3100 1200 and

1:1500 respectively. FITC or Texas Red was added after treatment with antibody.

3 Rsults & discussion

3.1. Phosphoryfation of 3 in senescent cells

We used young and senescent HE49. Senescent cells lost reproductive capacity, and they

showed phenotypes specific for senescence including enlarged and flattened morphology,

expression of senescence-associated P-galactosidase, and shortened telomeres. In senescent

cells, 3 was phosphorylated at Ser15 and formed foci in the nucleus. The foci did not co-

localize with TRF2. We found that wortmannin treatment decreased phosphorylation level of

p53 in senescent cells as well as young cells irradiated with X-rays. These results indicate that

p53 is activated through phosphorylation, which may be ATM-dependent.

3.2 phospho-H2AX in senescent cells

In young cells, X-irradiation induced phosphorylation of H2AX Immediately after iradiation,

phosphorylated H2AX fon-ned foci, and the number of foci decreased thereafter. Senescent

cells also have phosphorylated H2AX foci, but their size was larger. We observed that they

did not co-localize with TRF2, indicating that DNA damage is induced in senescent cells.

4. Conclusion
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The present results indicate that ATM-dependent phosphorylation is involved in p53

activation in senescent cells. Since phosphorylated p53 and did not co-localize with telomere,

two possibilities can be hypothesized. One is telornere-independent pathway. Because

telornere fusion has been shown to occur between shortened-telorneres, dicentric

chromosomes may be induced. The resultant breaks may be recognized by ATM as DNA-

damage. The other possibility is telomere-dependent pathway. It has been reported previously

that ATM-p53 dependent pathway is activated by the disruption of the Woop [5]. The Woop in

senescent cells is disrupted by its shortening, TRF2 may release from telonieric DNA. The

ATM may recognize abnormal t-loop structure as DNA damage, and phosphorylates p5 at

Ser15. Further studies should determine whether phosphorylation of H2AX occurs at the

shortened telorneres.
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5.9 On the modeling of the process of tumorigenesis

N. B. Ouchi
Radiation Risk Analysis Laboratory, Department of Health Physics, JAERI, Tokai, lbaraki
319-1195, Japan
e-mail: bobC&dragon.1okaijacri.gojp

The process of tumorigenesis is studied using Potts model simulation. Tumorigenesis is
described by multistage process of the kind of mutation, i.e., neoplastic initiation, promotion,
conversion, and progression. The origin of these processes is thought to b the result of the
damage of the chromosomal DNA and failure of its repair. The neoplastic initiation is defined
basically as irreversible changes to target cell, followed by the gene mutations. The stage of
promotion, neoplastic dvelopment, is believed to be the consequence of the damage of the
specific gene expression, e.g., lipid metabolites, cytokincs, so the neoplasm may get the
enhancement of cellular growth potential, i.e., they lost the intracellular communication. As
described above, the process of tumorigenesis is thought to be developed from the accumulation
of genomic mutation. One of the features of the tumor is loss of the contact inhibition, i.e., the
abnon-nality of adhesion. Here we introduce the thermodynamic model o f cell interaction which
known as differential adhesion hypothesis, to study process of tumorigenesis. As a model, we
use extended large Q-Potts model and intracellular dynamics which describing the cellular state
change by the change of the gene expression. The extended large Q-Potts model is well-known
simulation method to describe cell-sorting process, e.g., Hydra, and moreover if we add the
chemical reaction equation, it can describe the entire lifccycle of the slime mould Dictyostelium
discoideum. With this formalism, we can describe the dynamics of the cell with Eee surface and
some adhesion (Fig. la and b). For the intracellular dynamics, we adopted simple multi-stage
stochastic equation for state transition, which have the probability of cell-death and cell division.
We will show the basic dynamics of the model and show the attempt to describe entire process of
tumorigenesis especially for the metastasis (Fig. 2 shows the snapshots of the simulation).

sorting

Initial Soo 1000

3000 5000 8000

Fig. Ict
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engulf ment

Initial 10 100

200 1000 2000

Fig. lb

Fig. 2
Snapshots of the simulation. The darker color shows higher state. Black cell indicates cell-death.
Time runs from upper left to the lower right.
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5.10 Modelling of the effect of photoabsorption by DNA constituent atoms

on DNA damage

Ritsuko Watanabe', Akinari Yokoya2 and Kimiaki Saito'

'Radiation Risk Analysis Laboratory, JAERI, Tokai, lbaraki, 319-1195, Japan,

'SPring-8, JAERI, Hyogo, 679-5148, Japan

K-shell photoabsorption of specific atom in DNA is expected to induce DNA damage

efficiently and selectively at the photoabsorption site, which could provide correlation between

DNA damage and biological responses. To investigate the mechanism of DNA damage

induction following K-shell photoabsorption of DNA constituent atoms, we used the Monte

Carlo code which has been developed to simulate photon induced DNA damage. DNA strand

break induction was modelled and the yields of single- and double-strand breaks, and spatial

distribution of breaks were calculated. The photoabsorption cross-sections of the DNA around

the K-absorption edges were estimated using experimentally obtained absorption spectra.

Simulation was carried out for both of direct energy deposition on DNA and indirect reaction of

diffusible water radicals with DNA. The yields of strand breaks in solution obtained for K-shell

photoabsorption of phosphorus, oxygen, nitrogen and carbon show that DNA strand breaks are

induced efficiently below the oxygen K-absorption edge. Also, the importance of the

mechanism of DNA damage directly induced by photoabsorption event was suggested.
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6. Panel discussion
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1. List of Panelists

Chairman:

Dr. Nobuo Niiinura, JAERL Tokai (crystallography)

Members:

Dr. Satoshi Chiba, JAERL Tokai (computing)

Dr. Akira Ito, The cancer Institute, Tokyo (computing and carcinogenesis)

Prof Yosuke Katsumura, The University of Tokyo, Tokyo (radiation chemistry)

Dr. Issay Narumi, JAERI, Takasaki (experimental radiation biology)

Dr. Miroslav Pinak, JAERL Tokai (biocomputing)

Dr. Kazuo Sakai, Low Dose Radiation research Center, Tokyo (radiation carcinogenesis)

Prof. Akira Yasui, Tohoku University, Sendai experimental molecular biology)

Dr. Akinari Yokoya (radiation biophysics)

(In alphabetical order of last name)

2. Summary of panel discussion

2.1 Introduction of research topics

1) Akira Ito

The four steps that lie on the carcinogenesis process were introduced. Since the 2nd

and 3rd steps (fixation process of genetic damage related to careinogenesis and multi

step development of oncogenesis process) are still unclear, the initial (primary physical

process) and last (expression of cancer in human population, e. g., atomic bomb

survivors and postpartum mastitis radiation therapy patients) steps of breast cancer

were discussed in detail, especially in terms of cancer incident and exposure dose.

Relation between breast cancer and estrogen that are derived from fat during human

aging was also explained.

2) Issay Narumi

Importance of the, oaboration between molecular biologists and structure

biologists was pointed out. Roles of structure biologists were introduced throughout the

studies determining the correlation between RecA and LexA proteins, which are key

enzymes on the repair process of SOS function in E. coli. Moreover, contribution of

newly found gene to the radiation resistant nature of radiodurans was explained and

the importance of the close. collaboration of experimental radiobiologist and structure

biologist to clarify the mutual mechanisms of DNA structures was pointed out.
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2.2 Panel Discussion

1) Yosuke Katsumura

From a viewpoint of radiation chemist, importance to motivate, and activate, the

radiation science field was proposed. Recently, radiation chemistry as a research field

became es energetic and, with the retirements of many predecessors, research

potential of academic sciety became less active. It seems that scientific approach from

other research fields, such as today's DNA imaging researches from structure biology,

will encourage the science.

2) Akinari Yokoya

Not only the mechanism and functions of DNA repair proteins but also the chemical

structures of DNA damages should be discussed for further development of radiation

chemistry field.

3) Kazuo Sakai

This research area is greatly progressing, however it will be further informative to

do simulation and modeling studies with DNA in chromatin structure level. It is still

not clear whether radiation acts as producing initial damage, which results in

carcinogenesis, or it only acts as promoter, which proliferates damage caused by

non-radiation reason such as environmental mutagens to carcinogenesis. Thus, in low

dose radiation region, clarification of the role of radiation in the process of radiation

carcinogenesis is extremely important.

4) Akira Yasui

Molecular dynamics simulation method of DNA damage recognition will become

great supporter for experimental radiation biologist in the near future. Further

consideration and collaboration will obtain the fruitful results to radiation biology field.

5) Satoshi Chiba

Computer simulation analysis of nuclear reaction deals with the reaction between

nuclides. From the point of nuclear physic such computer simulation methodologies

will be quite useful, for instance, when DNA damages are supposed to be produced by

the reaction between DNA molecule and cosmic rays (mainly proton).
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about 3 of overall fice production in Japan and economic scale totaled 774M$.

Utilization of radioisotope (RI) is principally used at laboratory work and for

environmental analysis and cronological purpose at private university. The scale is as

high as 24M$.

The share of agriculture is shown in Fig. 2 as about lb$, consisting of irradiation

14b$ 14%), mutation breeding 0.80b$ 83%) and radioisotope utilization 002 b$ 3%),

respectively.

Fig. 2 Economic share at agriculture

3.3 Applications in Medicine.

For medicine, an economic scale was studied by using reimbursed receipts. Statistical

data were released from Ministry of Health/Welfare and Labor. Results are summarized

in Table 4 In medicine, an economic scale was 98 b$. About 99% was reimbursed

items and 03% was not. An occupational ratio between medical care and dental care

becomes 91%vs. 9%, where MRI (magnetic resonance inspection) was omitting due to

non-radioactive item. The content of medical care is shown in Fig. 3 X-ray diagnosis,

computed tomography (CT) is large, in magnitude of 84%.
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Table 4 Summary of Medicine

1 M edicin e
1 . 1 D iagno sis Exc.M RI)

1 X-ray Inspection 4,1 9 2
2 Nuclear m edicine I 3 
3 Com puted Tom ograph 3,2 7

1 . 2 R a diatio n T re atm e nt 4 6 6
Inspection 2

�Si -U-M3 -(1 ) 8,9 2
2 D e n tistry

D i a g n o s i s 8 4 9-
Radiation T r e a t m e n t 4

u m 2 8 3
S u m 2 9 3 

I PET Not decided
2) Proton Treatment 3
3) BNCT 0.4

ISum 3

Fig. 3 Share of Medical Care consisted of Diagnosis, Radiation treatment

(Radiotherapy) and Inspection
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3.4 Economic scale of industry, agriculture and medicine

Results of study were summarized in Fig. 4 It revealed that the scale of utilization of

radiation in that fiscal year stood at 71 b$. It represents about 17% of the gross

domestic products (GDP). The value of 71 b$ consisted of 60 b$ for industry, b$ for

agricultural and 10 b$ for medicine, respectively.

Economic Scale of Utilization of Radiation in
Japan (FY1 997)

Fig. 4 Economic scale of utilization of radiation in Japan

3.5 Comparison with nuclear et!�

Economic scale of radiation was �j�l compared with that of nuclear energy. As

preliminary study, as shown in the Table 5, sales of electricity from 52 nuclear power

plants (NPP) were found to be 47b$ as maximum case. This includes distributive price

of electricity at transmittal. Adding to this, sales of reactor components and fuels and so

on were found to be 13b$. Therefore, as shown in Fig. 5, economic scale of nuclear

energy stood at 60b$.
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Table Sales of electricity generated from 52 nuclear power plants at the end of

transmittal

1 Hokkaido 5 27 1

2 Tohoku 3 13 2

3 Tokyo 44 43 9

4 Chubu 18 23 4

5 Hokuriku 4 22 1

6 Kansai 22 52 1 1

7 Chugoku 9 15 1

8 Shikoku 5 42 2

9 Kyushu 12 48 6

Sum 130 47

MENEM

Fig. Economic scale of nuclear energy in 1997

- 190 



JAERI-Conf 2002-003

4. Conclusion

(1) Economic scale of utilization of radiation revealed in 1997 was 71 billion

dollars (b$, 1$=121Y), consisting of 60 b$ for industry, b$ for agriculture and

10 b$ for medicine. It corresponds to 17% of GDP

(2) Economic scale of nuclear energy in 1997 was 61b$.

(3) Sum of radiation and nuclear energy is 132b$ as shown in Fig. 6 It corresponds

to 32% of GDP. An occupational ratio between the two becomes 54 vs..

46 %. It is worthy of mentioning that as to the case of U.S.A., the ratio was

79 vs.. 21 in 1995.

30

Fig. 6 Economic scale of utilization of radiation and nuclear energy

in Japan as of 1997
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