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FIh'AL PROGRESS REPORT 
DOE Grant DE-FG05-86ER60364 

September 1, 1991 - November 1, 1993 

BACKGROUXD: 

This progress report covers the period from September 1, 1991 - November 1, 1993. This period 
encompasses the last year of the grant for which money was awarded and a n  extension of the grant for 
one year without funds in order to complete as many of the goals of this project as was possible. 

SPECIFIC AIMS: 

Because of large budpel cuts in the last two years of the grant, the specific aims were reduced to 
the following two: 

1. To drvelop procedures for quantitatively isolating radiation-induced DNA base damage 
products from mammalian cells. 

-. 3 To identify and quantitate the types and yields of base lesions produced in irradiated salmon 
sperm DNA under dry, hydrated, and solution conditions. 

PROCEDURES FOR ISOLATING AND QUANTITATING BASE DAMAGE PRODUCTS: 

DhrA Isolatiori Procedure: 

Reproducible isolation of DNA from modest numbers of mammalian cells or from small pieces of 
tumor and normal tissue has been a significant problem. In the pas1 year, the reproducibility has been 
substantially improved with the use of the A.S.A.P. genomic DHA isolation kit from Boehringer hlannheim 
Corporation. Samples containing 1 - 5 x lo' cells now yield 50 - 100 ,us of DNA that is suitable for the 
isolation of damaged bases. In fact, the buffy coat from 10 ml of blood provides sufficient DNA to 
measure background levels of base damage from untreated nucleated white cells. Minor, but important, 
modifications have been made to the recovery procedures that increased the yield of DNA substantially. 
It is now feasible to perform radiation studies on < 10' cells. Therefore, DNA base damage studies can 
be performed in both tissue culture cells and tissues. 

Gas chromatography/mass spectrometry (GCNS) is a promising method for performing both 
qualitative and quantitative analysis of DNA base damage products. This method commonly uses a hot 
(ljOoc) formic acid hydrolvsis step to degrade the DNA to individual free bases. It  has been suggested 
that several of the DNA b&e products may be chemically altered by the formic acid hydrolysis; thereby, 
affecting the quantitation of these products. Because the overall goal of this research program requires 
quantitation of radiation-induced DNA base damage 1 in mammalian cells, several formic acid hydrolysis 
procedures were examined to ascertain the impact of these procedures on the quantitation of a number 
of DNA base damage products. Where effects were noted, alternative procedures were explored in an 
attempt to accurately quantitate the various base damage products. 
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Overproduction of human Mn-superoxide dismutase modulates 
paraquat-mediated toxicity in mammalian cells* I 
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Manganese superoxide dismutase (MnSOD) is a nuclear encoded mitochondrial matrix enzyme that functions to scavenge superoxide radicals. The 
human MnSOD cDNA under the transcriptional control of a humanB-actin promoter was introduced into mouse C3HIOT3? cells by cotransfection 
with a recombinant plasmid containing the NeoR selectable marker. C3HIOTr. transformants (C3H-SOD) were obtained that expressed high levels 
of authentic enzymatically active human MnSOD. Overexpression of the MnSOD gene did not affect the protein levels ol CuZnSOD. catalase ' (CAT). or glutathione peroxidase (GPX) in the transformants. Treatment of cells with paraquat was less toxic to the C3H-SOD cells than to the 

control cells. These results are consistent with !he possibility lhat superoxide radicals are mediators of paraquat cytotoxicity. 
I 

Superoxide dismutase: Gene dosage; Mitochondrion; Oxidative stress; Paraquat 

I .  INTRODUCTION 

The herbicide paraquat (methyl viologen; I ,I'di- 
methyl-4.4'-bipyridinium dichloride) has been re- 
sponsible for a large number of deaths after accidental 
or intentional ingestion or injection [I ] .  The toxic effect 

: of paraquat is believed to be mediated by cytotoxic 
, oxygen free radicals that are produced intracellularly 

. f during cyciic oxidation and reduction of paraquat by 
' metabolic processes within the cells [2,3]. 

It has been shown that treatment of cells or animals 
with increasing concentrations of paraquat leads to in- 
creased cellular content of both Mn- and CuZn-contain- 
ing superoxide dismutases (MnSOD and CuZnSOD), 
catalase (CAT). and glutathione peroxidase (GPX) 
(4.51. MnSOD and CuZnSOD are protective enzymes 
responsible for maintaining low levels of superoxide 
radicals within cells. MnSOD is localized mainly in the 
mitochondrial matrix [6]. whereas CuZnSOD is local- 
ized in the cytosol [7]. Dismutation of superoxide radi- 
cals yields hydrogen peroxide, which is subsequently 
detoxified by CAT or GPX. 

It is generally thought that the toxicity of superoxide 
radicals stems from their ability to interact with hydro- 
gen peroxide to generate highly reactive singlet oxygen 

' 

. 'Preliminary results of this study were presented at the Eightysecond 
annual meeting of The American Association for Cancer Research. 

' 1991. 
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('0:) and/or hydroxyl radicals (OH) [7-IO]. Thus. it is 
possible that the observed increases in antioxidant en- 
zyme systems following exposure to agents that gener- 
ate superoxide radicals are necessary for the protection 
of mammalian cells. 

To examine the role of MnSOD in the defense against 
paraquat toxicity, human MnSOD cDNA was intro- 
duced into mouse C3H10Tt. cells with a recombinant 
plasmid containing the NeoR selectable marker. The 
selected G4 18 transformants produced authentic, en- 
zymatically active human MnSOD. The effects of 
MnSOD overproduction on paraquat-induced cytotox- 
icity in these cells was then examined. 

2. MATERIALS AND METHODS 
2.1. Construction of recombinunt plasmid expressing humun ,bfnSOD 

To construct the human MnSOD expression vector. the human 
MnSOD cDNA [I I ]  fragment flanked by the EcoRI restriction site 
was initially blunt-ended with mung bean nuclease. ligated to Sun 
linkers followed by digestion with SUA. and then inserted into the Sun 
site of the human B-actin expression vector pH@APr- [ 121 (generously 
provided by Dr. Larry Kedcs of the University of Southern California. 
Los Angeles. CA). All recombinant DNA procedures were performed 
according to the methods described by Maniatis et ai. [ I 9  

2-2. Transfection and selection of cell lines 
The mouse embryonic fibroblast C3H10T8: clone 8 was maintained 

in Eagle's basal medium (BME) supplemented with 10% fetal calf 
serum (FCS) ana 10pg/ml gentamicin. Subconfluent cultures in 100- 
mm dishes were cotransfected with the MnSOD expression plasmid 
(IO-2Opg) and the pSV2-Neon plasmid [I41 at a molar ratio of I0:l 
by using Lipofectin (BRL). After 48 h. G418 (Gibco)at 400pglml was 
added to the cells for selection. G418-resistant clones were maintained 
in complete medium. Control cells were transfected with pSV2-NeoR 
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isolaicd hv [he ;uaiiiliinc iwinioc!anite method [IS!. enricncd lor 
pol:,iAl.RYA [ l b ] .  ~ i z c - ~ c o a r ~ r e d  by I'c,rrnaidch\de-dgarosc i 1 . l 5 - l  
gel tlecrrophorc>i>. incl :imsterrcd to a nitroceilulox filter. The dltcr 
was baked at W C  md t1\ hridized :o a ':P-idbeled 1lnSODcDNA [ 1'1 
in 50% lomarnidc at 11°C. The tiltcr \ \u> waned [\vice. Ibr 30 min  
in 2 :< SSC. 0.15 SDS i r  room rsmperaturc. 2nd twce :n d.1 x SSC. 
U . l %  SDS at b5'C I'ur I h .  

1.1. Deic.rrioii v /  i i i i i i r i i t iu~ i * [ i~rr i ' i '  .\/iiSOD C.4 T mu' G?.t- nrotum 
The xnouiii ot' irnmunureac:ive MnSOD. CAT ana GPX protein 

was mmsurru by a Western dotting proceuureas previously described 
[I SI. Brtedy, eel1 hornogenairs were rlecrrophoresed on a 12.5% polya- 
cpiamide slab sei t'oilouing pre-rrexmenr with SDS dnd 8-mercapro- 
ethanol at I00"C. Protein from [he ye1 was rranst'erred to a nitroceilu- 
lose tilter itnd blocked t'or I h at room temperarurc in Tris-buffered 
saline containing O.Oj'c polysorbate 20 (Tween-20) ana 1 0 5  FCS. The 
nitrocellulose nlters were [hen incubated with a 1:5000 dilution of 
nbbir anti-human MnSOD anitbod:, foilowed by biottnylated second- 
ary IgG and imrnunoperoxldaae staining. 

2.1. Drrecflotr I, /  SOD ~('(1r1[\' 

The icrivit) c,I SOD nus detected bv the nitroblue tetrazolium 
staining method (191. Ccils were homogenized in 10 mM Tns (pH 
;.Ob I O  m.LI dirhiothre:tol!U.I% Triton X-100 ma ccntniupd at 
IO 000 x y ior 1 min. Samples were electrophoresed in polyacrylamide 
seis. consiwne 01' it 5% stacking :el I pH 6 . 5 )  and a 10% runnine gel 
(pH 8.8). 

To visualize SOD activity. gels  ere hrsr incubated in 2.5 mM 
nitroblue tetrszolium in H,O ior l j  min followed by 0.029 mhl ribo- 
flaviru30 rnM TE31ED;jO mhl potassium phosphate fpH 7.5) for L5 
mrn in the dark. !washed in deionized water. then illuminated under 
fluorescent light until clear zones oi SOD activity were distinctly 
evident. 

2.6. Itii,trri,ioc,iirrnisrr!. ut culrurrd cells 
Flasks with conduent monolavers were prepared for immunostain- 

ing with polycional antibodies against MnSOD. CuZnSOD. CAT. and 
GPX supplied bv Dr. Larrv W. Oberlev as dam'& earlier (20.211. 
Staining was performed by the Ividin-biotin-petoxidur complex 
using a universal staining ki t  (Biogenex Co.. Dublin. C.4). To prcsen'e 
the morphology oiceils us they were in virro. cells sere not detached 
from the flasks. but  were nxed and stained in situ. The cells *ere nxed 
with 108 bul'ferrd t'ormalin 13-75 I'ormaldehyde) solution at room 
ternperuure for I O  rnin. rinsed with phosphate-burrered saline I PBS). 
and p o h x e d  with absolute methanol (-10°C) for IO min. 

Immuno>tuning \ cab perrormed tollwving a routine protocol. Cells 
were rinsed with PBS. And endogenous peroxidase was blocked by 
incubating for 5 min with a 5% solution OS hydrogen peroxide in 
methanol. The monolayer in each 15-cm' flask was divided into -1 
areas. I for each 01' the antibodies to antloxiclan[ enzymes and 1 for 
nonrmmune I negiative, control serum. ;Uonspaiiic antigenic s i ta  were 
blocked with normai goat serum for 30 min. Evxss serum was then 
removed. and the primary antibodies were incubated overnight at 4°C. 
The flasks were rinsed and secondary antibody (biotinylated goat 
anti-rabbit, mas applied for 30 rnin. Label (avidin-peroxidase com- 
plex) was added for 30 min. Color was deveiopd by incubating with 
diamtnobrnzrdinr I DAB) (0.3% in PBS). together Wth a 3% aqueous 
solution 01' H:O1 for 3-6 min. 

2.7. .~SSU,V vj'purayuut cytoto.riciry 
G.iIY-reristdnt cells and parental cells were grow in BME supple- 

mented with 10% FCS. 11 h before the applicuioa of paraquat ccfls 
were seeded in 100-mm dishes (300 celludish). Paraqua1 a1 various 
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2. RESCLTS 

2.1. Gencruioti 1tt' C2HIOT. cd ls  ijlut cypress elerule, 

The mouse embryonic fibroblast C3HIOT!. cells were 
transfected with piasmiu pSV-Yeo". ;1 Vector containins 
a neomycin-resistant gene. or transfected with piasmi; 
pSV-Neo% plus the human MnSOD expression \rector 
and then selected for resistance to the antibiotic GJ18 
Five colonies of resistant cells from each transfectior 
were pooled. Integration of the transfected piasmi< 
DNA into cellular DNA was examined by Southen 
blot analysis [22] (data not shown). RXA blot analysi! 
demonstrated the expression of the human MnSOD se 
quence in C?HIOTl. cells that were transfected with thc 
human MnSOD vector (GH-SOD). but not in cell: 
transfected with pSV-NeoR (C3H-YEO) (Fig. I ). 

I t w i s  q '  iriurrtm .ClmSOD 

A 
SOD Nso R 

* 

4 

28 5 

18s 

B 
SOD NeoR 

fig. I. Nonhern analysis o l  cellular RNA. (A)  PoIy(A')RNA ffl 
CjH-NE0 and QH-SOD cells was separated on a L.1% form'? wd 
hyde agarose gel and. following transfer to nitroceilulose. pro&. 
8 "P-labeled MnSOD cDNA. (6) The same blot was probed with 

B-acun. 
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' Fig. 2. (A) Western analysis of human MnSOD. Samples were prepared and electrophoresed through polyacrylamide gels. electro~ransferred. and 
lhen immunologically stained. (Lane a )  I pg of purified chicken liver MnSOD; (lane b) 250 p g  of cell homogenate from C3H-NEO. (lane c) 150 

4 / ~ g  of cell homogenate from C3H-SOD cells. (B) Native polyacrylamide gel stained for SOD activity. Samples were electrophoresed through a 
: nondissociating riboflavin gel and stained for SOD activity by the photoinduced NBT reaction. (Lane a) 1 pg purified chicken liver MnSOD; (lane 

b) I f ig  purified human kidney MnSOD: (lane c) 2OOpg of cell homogenate from C3H-NE0 cells: (lane d)  2Wpg cell homogenate from C3H-SOD 
cells. i 1 Protein blot analysis using anti-human MnSOD anti- 

serum showed increased MnSOD protein in C3H-SOD 
j cells compared to that in C3H-NE0 cells (Fig. ?A). The 

endogenous levels of CuZnSOD. CAT and GPX were 
i unchanged in C3H-SOD and C3H-NE0 cells as exami- 
ned by Western blot staining (data not shown). 

i To verify further that the overexpressed MnSOD pro- 
tein in C3H-SOD cells is active, the SOD activity gel 

I assay was performed. Equal amounts of protein from 
C3H-NE0 cells and C3H-SOD cells were separated on 
a 10% native polyacrylamide gel. and SOD activity was 
detected by the nitroblue tetrazolium staining method 
(Fig. 2B). A species of enzymatically active MnSOD 
which co-migrated with the purified human MnSOD on 

j the activity gel was found only in C3H-SOD cells. 
Irnmunohistochemical stained cells showed intense 

I granular cytoplasmic staining for MnSOD in C3H- 
SOD cells. but only slight staining in C3H-NE0 and 
C3HIOTt. cells (Fig. 3). 

3.2. Celfulur eflects resulring from overproduction of 

If the toxic action of paraquat is mediated through 
the generation of superoxide radicals [2,3], then the cy- 
totoxic effects of paraquat on C3H-SOD. C3H-NE0, 

human MnSOD 

n SOD 

u Z n  
SOD 

i 0 2  I400 

and C3H10Tn: cells should be different. When the cells 
were treated with paraquat for 48 h and the extent of 
survival was determined. the C3H-SOD cells were much 
more resistant to killing by paraquat than either the 
C3H-NE0 or C3HIOT8. cells. The C3H-NE0 or 
C3H lOT,.cells were killed by paraquat to the same extent 
(Fig. 4). 

4. DISCUSSION 

The toxic mechanism of paraquat in cells has been 
linked to the production of excess superoxide radicals 
[I--?]. If this proposed mechanism for the toxic action 
of paraquat is valid. then increased intracellular super- 
oxide dismutase should protect cells against paraquat 
toxicity. 

The data presented here demonstrate that an increase 
in MnSOD activity can protect cells against paraquat 
toxicity. Thus the role of superoxide radicals in the toxic 
action of paraquat and a role of MnSOD in the defense 
against paraquat cytotoxicity are strongly supported by 
our data. Earlier studies that also support this conclu- 
sion include the finding that induction of SOD activity 
renders bacteria. plants and animals more resistant to  
paraquat toxicity (4,23241. However, in these studies 

20 1 
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Fig. 4 .  Dose-response of cell killing by paraquat. Cells were incubated 
with indicated concentration of paraquat for 48 h. Survival was deter- 

mined by a colony formation assay. 
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either the changes in other antioxidant enzymes were 
not determined, or the induction of SOD was accompa- 
nied by an induction of CAT or GPX. Our immunologi- 
cal analysis suggested that overexpression of human 
MnSOD in the C3H-SOD cells has no effect on the 
expression of CuZnSOD. CAT, or GPX. In addition. 
mammalian cells overexpressing human CuZnSOD also 
show resistance to paraquat [4.24.25]. However, in one 
study, overexpression of CuZnSOD was accompanied 
by a decrease in endogenous MnSOD acitivity, and a 
direct correlation between CuZnSOD activity and re- 
sistance to paraquat could not be demonstrated [26]. 
Thus, our result is the first to demonstrate clearly that 
MnSOD can be responsible for the protection of mam- 
malian cells from paraquat. Consistent with our results 
is the study by Wong et al. [27] in which transfection of 
the MnSOD gene did not cause any change in 
CuZnSOD, CAT, or GPX levels in the transfected cells 
and led to cellular resistance IO killing by tumor necrosis 
factor (TNF). Since several lines of evidence implicate 
oxygen radicals as mediators of TNF-induced cell in- 
jury [28-301, the significance of MnSOD in the defense 
against oxygen radical toxicity in mammalian cells is 
further confirmed by these latter studies. 

The finding that increased MnSOD levels without 
concurrent increases in CuZnSOD, CAT, or GPX pro- 
tect cells from the cytotoxicity of paraquat should not 
be taken as evidence that CAT and GPX are not involv- 
ed in protecting cells against paraquat toxicity. It has 
been found that certain clones of cells that exhibit 
higher CuZnSOD activity are even more sensitive to 
paraquat [25]. More recent results demonstrate that the 
levels of endogenous glutathione peroxidase as well as 
CuZnSOD may also contribute to the tolerance of para- 
quat by cells [26]. Therefore, the balance of the intracel- 
lular redox state may be the key factor in the well-being 
of cells under oxidative stress. 

1 0 2 1 4 0 2  
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RADIATION RESEARCH 129, 333-344 (1992) 

Radiation-Induced DNA Damage as a Function of Hydration 
I .  Release of Unaltered Bases 

STEVEN G. SWART&* MICHAEL D. SEVILLA,~ DAVID BECKER,t CHRISTOPHER J. TOUR,* AND KENNETH T. WHEELER* 
*Experimental Radiation Oncology. Department of Radiology, Bowman Gray School of Medicine of Wake Forest University, Winston-Saleni, 

North Carolina 2 7157; and tDepartment of Chemistry, Oakland Pniversify, Rocitesrer, Michigan 48309 

SWARTS, S. G.,  SEVILLA, M. D., BECKER, D., TOKAR, C. J., 
AND WHEELER, K. T. Radiation-Induced DNA Damage as a 
Function of Hydration. I. Release of Unaltered Bases. Rudiut. 
Res. 129, 333-344 (1992). 

The release of unaltered bases from irradiated DNA, hydrated 
between 2.5 and 32.7 mol of water per mole of nucleotide (I'), 
was investigated using HPLC. The objective of this study was to 
elucidate the yield of the four DNA bases as a function of dose, 
extent of hydration, and the presence or absence of oxygen. The 
increase in the yield of radiation-induced free bases was linear 
with dose up to 90 kCy, except for the DNA with I' = 2.5, for 
which the increase was linear only to 10 kGy. The yield of free 
bases as a function of I? was not constant in either the absence or 
the presence of oxygen over the range of hydration examined. 
For DNA with I' between 2.5 and 15, the yield of free bases was 
nearly constant under nitrogen, but decreased under oxygen. 
However, for DNA with I' > 15, the yield increased rapidly 
under both nitrogen and oxygen. The yield of free bases was 
described by a model that depended on two factors: 1) a change 
in the DNA conformation from a mixture of the A and C con- 
formers in vacuum-dried DNA to predominantly the B con- 
former in the fully hydrated DNA, and 2) the proximity of the 
water molecules to the DNA. Irradiation of the inner water mol- 
ecules (I' < 15) was less efficient than irradiation of the outer 
water molecules (I' > 15), by a factor of ~ 3 . 3 ,  in forming DNA 
lesions that resulted in the release of an unaltered base. This 
factor is similar to the previously published relative efficiency of 
2.8 with which hydroxyl radicals and base cations induce DNA 
strand breaks. Our irradiation results are consistent with the 
hypothesis that the G value for the first 12-15 water molecules 
of the DNA hydration layer is the same as the G value for the 
form of DNA to which it is bound (Le., the pseudo-C or the B 
form). Thus we suggest that the release of bases originating 

nantly: (1) by charge transfer from the direct ionization of the 
first 12-15 water molecules of the primary hydration layer and 
(2 )  by the attack of hydroxyl radicals generated in the outer, 
more loosely bound water mo~ecules. 8 1992 Academic Press, Inc. 

, 

a from irradiation of the hydration water is obtained predomi- 

INTRODUCTION 

The DNA molecule is considered to be the most impor- 
tant target for the cellular effects of ionizing radiation. As 

such, much attention has been devoted to elucidating the 
mechanisms of radiation action on DNA including the for- 
mation of DNA lesions, the removal of these lesions 
through various repair processes, and the biological effects 
ofthe residual unrepaired or misrepaired lesions. Of particu- 
lar interest are the physico-chemical events that occur 
upon irradiation of the DNA molecule. An early effect of 
radiation is the formation of free radicals on the DNA, ei- 
ther through the direct ionization of the DNA molecule or 
through an indirect mode via reaction of the DNA with 
radicals formed in the surrounding environment (e.g., 
OH , e&, and H e). Moreover, the types of DNA radicals 
produced and the mechanisms by which they form non- 
radical DNA lesions may depend on the relative contribu- 
tions of the direct and indirect effects. 

One factor that may contribute significantly to these pro- 
cesses is the effect of the water of hydration on the forma- 
tion and reaction of the radiation-induced radicals in and/ 
or around the DNA. These water molecules are coordi- 
nated to the DNA to varying degrees that depend on their 
location within the DNA hydration shell, and have proper- 
ties that are different from those found for free water as 
measured by IR, NMR, and other techniques (1-14). The 
primary hydration layer consists of 20-2 1 water molecules 
per nucleotide, 12-15 of which are bound tightly to the 
DNA (3. 10. 14). The tightly bound water molecules are 
impermeable to cations (8) and do not form an ice-like 
structure when cooled below 0°C (9). Further characteriza- 
tion of these water molecules shows them to be less mobile 
than free water, but more mobile than ice water (10, 15). 
Another 6-9 water molecules per nucleotide surround the 
inner 12- 15 water molecules (14). These water molecules 
complete the primary hydration layer and are distinct from 
bulk water as demonstrated by their different infrared spec- 
tral characteristics (16). 

The unique properties of the water of hydration appear to 
play a major role in the physico-chemical events that occur 
in the DNA. For example, exposure of DNA to  UV radia- 
tion altered the type and quantity of DNA damage pro- 
duced as the hydration of the DNA was increased (17). 
Also, the sensitivity of a diploid yeast to UV radiation in 
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FIG. 1. A schematic diagram of the radicals produced by ionizing 
radiation in both the DNA molecule and the two regions of hydration. i.e., 
the inner I 5  water molecules that are more tightly bound to the DNA and 
all outer water molecules that are more loosely bound. 

vilro depended on the water vapor pressure in the rehydra- 
tion environment (18). In both cases, the effects were attrib- 
uted to changes in the DNA induced by varying the levels of 
hydration. However, with regard to exposure to ionizing 
radiation, it is not known how radicals formed in these hy- 
dration layers can affect the DNA, especially in vivo. 

One important step in comprehending the in vivo mecha- 
nisms for induction of radiation damage in DNA involves 
elucidating how the various hydration layers affect the 
types and quantities of DNA damage. Figure 1 shows a 
schematic diagram ofthe radicals produced by ionizing radi- 
ation in both the DNA and the two regions of hydration. 
Several investigators have posed the following question (5,  
19-21). For the water molecules that are closely associated 
with the DNA (Fig. l), is the DNA damage produced via 
charge transfer from the initial radicals formed in the water 
(HzO+ and e&), or via reactions with bulk water radicals 
(OH - and e&)? Results from the study of dry and hydrated 
DNA using pulse radiolysis/luminescence techniques sug- 
gest that hydration plays a significant role in modifying the 
DNA radical species, through either changes in the DNA 
conformation or changes in the types of water radicals act- 
ing on the DNA (22, 23). Changes in the level of DNA 
hydration have also been shown to affect the mobility of 
radiation-induced electrons in the hydration water (24). In 
addition, ESR studies have shown that at low temperatures 
direct irradiation of hydrated DNA results in ion radicals 
on the DNA bases with little evidence for deoxyribose/ 
phosphate radical formation (25). These radicals may result 
in the formation of nonradical DNA lesions that are differ- 
ent from those lesions produced by the radicals formed by 

irradiating bulk water. The influence of the hydration layer 
on the formation of radiation-induced DNA lesions has 
also been studied using solid-state DNA models (26-28). 
From these studies, there was evidence of an effect of the 
hydration layer on some types of radiation-induced DNA 
damage. For example. the yield of DNA strand breaks and 
DNA-DNA crosslinks depended on the level of hydration 
(26, 28). However, few or no data exist on the hydration 
dependence of several other important DNA lesions such as 
the release of unaltered bases,' specific DNA base damage, 
or sugar damage. 

To extend our understanding of the influence of the hy- 
dration water on the types and quantities of radiation-in- 
duced DNA damage, we have analyzed several different 
types of lesions produced by ionizing radiation in DNA that 
has been hydrated to various levels. These types of DNA 
lesions include the release of unaltered bases, specific DNA 
base damage, and nucleoside damage. The work presented 
here examines the amount of radiation-induced release of 
unaltered DNA bases as a function of dose, extent of hydra- 
tion, and the presence or absence of oxygen. 

1 -  

MATERIALS AND METHODS 

Prepamrion q/rhe DN.4 .for hydration. Approximately 20 mg of dry 
salmon sperm DNA (Sigma. t!-pe ill. sodium salt) was transferred to acid- 
washed vials (Supelco 3 dram. screw cap). The DNA was assayed for iron 
and copper content by atomic absorption spectroscopy and found to have 
I iron per 6.200 nucleotides and 1 copper per 140,000 nucleotides. Both 
the empty vials and the vials containing DNA were evacuated for 7 to 9 
days using an in-line liquid h': trap until a constant weight of the DNA was 
obtained. The vials were removed under a slow stream of N, gas. Upon 
removal from the vial. the dried DNA was weighed immediately and then 
dissolved in 1.0 ml of deionized water in the original drying vial. After 
storage for 2 days in the dark at 4"C, the resultant DNA/water gels were 
frozen and lyophilized for 7 days along with empty control vials using a 
liquid N2 trap. This procedure produced a dry homogeneous DNA plug 
that had a volume of == 1 cm3. After the DNA was freeze-dried. the control 
and experimental vials were removed from the chambers undera stream of 
N2 gas and weighed immediately. 

Hydration of the DNA. Control and experimental vials were placed 
into hypoxia chambers (Controls Katharobic, Philadelphia, PA) contain- 
ing either N2 (<IO ppm 0,) or O2 gas at 1 atm. The humidity in each 
chamber was controlled using dishes containing various saturated salt so- 
lutions ( 100% relative humidity, deionized water; 84% relative humidity, 
saturated KCI; 58% relative humidity, saturated NaBr; 43% relative humid- 
ity, saturated K,CO,: 0% relative humidity, dry N2 or O2 gas) (26,29-32). 
After sealing, the contents of the chambers were subjected to five repeti- 
tions of evacuation to atm, followed by flushing with either N2 
or O2 gas to 1 atm. Each chamber was equipped with a bamer to prevent 
splattering of salt solutions onto control and experimental vials during the 
evacuation/re-gas cycling. After holding the chambers for 7 days at 2O"C, 
both the control and experimental vials were removed from the chambers, 
sealed under a slow stream of either NZ or 02, and weighed immediately. 

Irradiation ofthe hydrated DNA. Irradiation ofthe hydrated DNA was 
performed using a 13'Cs irradiator (J. L. Shepherd and Associates, Inc.) 

1 
-I 

5 X 
* 

' I. Kronke, Co-y-bestrahlung von fester DNA und isolierten zellkernen 
aus huhnererythrozkten. Ph.D. dissertation. Ruhr-Universitiit, Bochum, 
1983. 
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FIG. 2. Hydration of double-stranded salmon sperm DNA as a func- 

tion ofthe relative humidity in the hydration chambers. Hydration isgiven 
either as the number of grams of water per gram of dry DNA or as the 
number of water molecules per nucleotide (r). The points represent the 
mean ? 1 SEM of at least six independent experiments. 

with a dose rate of 41-51 Gy/min, depending on the position of the sam- 
ples within the jig. Dose rates were calculated from both Fricke and ioniza- 
tion chamber measurements, which differed by 1 3 6 .  

Isohlion o/' ilw releuserl busc~s. After irradiation. the DNA samples 
were stored in the dark at 20°C for 5 days. Each DNA sample was then 
dissolved in 2 ml of N,- or 0,-saturated IO m.l/ ammonium acetate buffer 
(pH 7) and stored in the dark for 3 days at 4°C. The DNA solutions were 
transferred to centrifuge tubes and 8.2 ml of cold absolute ethanol was 
added. After holding in the dark overnight at 4°C to precipitate the DNA 
fully. each sample was centrifuged at 39.000 rpm in a Beckman SW-4 I Ti 
rotor for 2 h. The supernatant was decanted from the DNA pellet. panially 
dried by evaporation under N, in a 40°C water bath, and then lyophilized. 

Depending on the dose, all lyophilized 
supernatants were redissolved in 1-4 ml of deionized water and vonexed 
for I min. Unaltered bases were separated by HPLC using a Beckman 
Ultrasphere ODS column (4.6 x 250 mm) with a gradient of 0.01 mM 
ammonium phosphate, pH 4.5 (buffer A), and 20% acetonitrile in deion- 
ized water (buffer B) at a flow rate of 1 ml/min. The bases were measured at 
260 nm using a Beckman 166 UV/VIS detector, and were quantified by 
both internal and external standardization methods using authentic com- 
pounds. Data analysis was performed on a Beckman System Gold mom- 
puter workstation. Statistical analysis of the data was performed using the 
SAS statistical package on a VAX 750/1 I computer. 

Assay for fold base release. To determine if all of the radiation-in- 
duced release of DNA bases had been obtained in the workup procedure, 
= I mg of each DNA pellet was dissolved in 2 ml of 0.15 A4 ammonium 
acetate buffer (pH 7) and heated to 37°C for 24 h. After cooling to 4"C, 
cold anhydrous ethanol was added to the samples to yield a 70% ethanol 
solution. The DNA was stored overnight at 4°C in the dark and then 
assayed exactly as described above. 

dt?a/vsis o f fhe  rekused bases. 

RESULTS 

The hydration of salmon sperm DNA increased as a 
function of the relative humidity, as shown in Fig. 2. The 

extent of the hydration, as expressed by the number of 
moles of water per mole of nucleotide (I'), was as follows: 
100% relative humidity, 32.7; 84%, 22.4; 58%, 13.2; 4370, 
10.3; and 0%, 2.5. The r value of 2.5 for the 0% samples is 
the tightly bound hydration waters attached to the sodium 
phosphate group that cannot be removed via vacuum desic- 
cation of the DNA samples ( I O ) .  The values for the extent 
of hydration of the DNA are consistent with those reported 
previously (26, 30) and correspond to filling the DNA hy- 
dration layers as follows (14): ( 1 )  the 43 and 58% relative 
humidity values of 10.3 and 13.2 are the approximate num- 
bers of water molecules that are tightly bound to the DNA, 
(2) the 84% value of 22.4 is the approximate number of 
water molecules required to complete the primary hydra- 
tion layer (T = 20-2 I), and ( 3 )  the additional water mole- 
cules at 100% relative humidity are the more loosely bound 
water molecules in the secondary hydration layer. 

The chromatogram in Fig. 3 was obtained from the resus- 
pended supernatant of the DNA that had been hydrated to 
r 2 22 and irradiated to a dose of 90 kGy. The gradient 
and buffers that were selected provided a good and fairly 
rapid separation of the four bases with only a slight varia- 
tion (<0.1 min) in their retention times from run to run. 
The release ofseveral altered bases was demonstrated by the 
presence of peaks at 5.8, 10.4, and 18.3 min. These altered 
bases were identified as 5-hydroxymethyluraciI, %hydroxy- 
guanine, and 8-hydroxyadenine. respectively. This release 
of altered bases is consistent with the release of altered thy- 
mine from DNA irradiated in aqueous solution reported 
previously (33). 

0.049 2 
I 
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5 

FIG. 3. HPLC chromatogram of the bases released from DNA that 
had been hydrated to =22 water molecules per nucleotide and irradiated 
with 90 kGy under N2. The chromatogram was obtained at a flow rate of I 
ml/min with the following gradient profile: 100% A, 3 min; 0-12.8% B in 
A, 20 min; 12.8-100% B in A, 7 min; 0-100% A in B, I O  min; 100% A, 8 
min. The major peaks at retention times of 3.9, 9.2, 14.4, and 17.2 min 
were identified as cytosine, guanine, thymine, and adenine, respectively. 
Three minor peaks at 5.8, 10.4, and 18.3 min were identified as 5-hydroxy- 
methyluracil, 8-hydroxyguanine, and 8-hydroxyadenine, respectively. 
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FIG. 4. The average yield of unaltered bases from double-stranded 
salmon sperm DNA as a function ofboth dose and the degree of hydration 
in the absence (A) and presence (8 )  of 02. The data were calculated using 
the weight of vacuum-dried DNA (r = 2.5) to emphasize the contribution 
of radiation-induced water radicals to the release ofbases. The points repre- 
sent the mean of two or three independent experiments. The standard 
deviation for each point was 5-1 5% of the value and has been omitted for 
clarity. Relative humidity: (0)  100%. (A) 84%. (m) 58%. (V) 43%. (+) 0%. 

With the exception of "dry" DNA (r = 2.5), the release 
of all four unaltered bases from double-stranded salmon 
sperm DNA irradiated under N2 (Fig. 4A) or 0, (Fig. 4B) 
was a linear function of dose to 90 kGy. At 0% relative 
humidity, the yield of free bases from DNA irradiated 
under both N2 and O2 clearly exhibited a curvilinear func- 
tion as the dose exceeded 10 kGy. The DNA irradiated 
under 0, showed a more pronounced nonlinear dose re- 
sponse than the DNA irradiated under N,. These results are 
consistent with the expectation that long-lived radicals in 
dry DNA (32) will lead either to a higher number of recom- 
binations or to second-hit events. 

The dose-response functions in Figs. 4A and 4B also 
demonstrated a marked change in slope as I' was increased. 
Because the yields were calculated from the prehydration 
weight of the DNA, any additional base release outside of 
that formed from direct ionization of the DNA will be re- 
flected as a change in the slope. The change in the slope was 
not directly proportional to the number of added water mol- 
ecules, as was illustrated by the greater increase in the slopes 
for the DNA hydrated at 84 and 100% relative humidity. 
This was demonstrated more clearly in a plot of the average 
yield for the combined base release as a function of J? for 
DNA irradiated with either 2 or 90 kGy under N, (Fig. 5). 
At 90 kGy, the yield of released bases as a function of I' was 

c1 HL. 

essentially constant at 0.05 pmol/g/r for r < 15, but 
abruptly increased to 0.48 pmol/g/J? for I' > 15 (Fig. 5A). 
Although the yield per kilogray was slightly less at 90 kGy, 
the shape of the yield curve as a function of the r (yield 
profile) was similar at both 2 and 90 kGy (Fig. 5). 

A plot of the average yield of released bases as a function 
of r for DNA irradiated under O2 resulted in different pro- 
files at 2 and 90 kGy (Fig. 6). The value for DNA with r = 
2.5 was significantly higher under 0, (9.5 k 0.7 pmol/g 
DNA at 90 kGy) than was the value found under N, (6.0 r 
0.3 gmol/g DNA at 90 kGy). As I' increased, the yield 
under 0, actually decreased to = 8 pmol/g DNA at r = 15. 
For r > 15, the yield again increased at approximately the 
same rate as that found for DNA irradiated under N,; at I' 
= 32.7,  the yield was 14.4 k 0.2 pmol/g DNA for DNA 
irradiated under O2 (Fig. 6A) compared to 15.3 t 0.1 pmol/ 
g DNA for DNA irradiated under N, (Fig. 5A). As noted in 
the N2 data (Fig. 5), the yield profile for DNA irradiated 
under 0, was similar at 2 and 90 kGy, except that the initial 
decrease in the average yield of unaltered bases for r <: 15 
was more pronounced at the 2-kGy dose (Fig. 6B). 

AR examination of the individual G values calculated 
from the posthydration weight of the DNA for the four 
unaltered bases from double-stranded DNA irradiated 
under N2 and O2 showed that all bases were not released to 
the same extent (Tables I, 11). The G values for the release of 
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FIG. 5 .  The average yield of unaltered bases as a function of the moles 
of water per mole of nucleotide (r). The DNA was irradiated under N2 
with a dose of 90 kGy (A) or 2 kGy (B). The yields were based on the dry 
weight of the DNA (r = 0). Each point represents the mean +_ 1 SD of two 
or three independent experiments. The straight portions of the dashed 
curves were fitted by a linear regression of the appropriate individual ex- 
periment data. 
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FIG. 6 .  The average yield ofunaltered bases as a function ofthe moles 
of water per mole of nucleotide (r). The DNA was irradiated under O2 
with a dose of 90 kGy (A) or 2 kGy (B). The yields were based on the dry 
weight of the DNA (r = 0). Each point represents the mean k I SD oftwo 
or three independent experiments. The straight portions of the dashed 
curve were fitted by a linear regression of the appropriate individual exper- 
iment data. 

adenine, cytosine, and thymine as a function of increasing 
r followed the trend observed in the combined base release 
where G value maxima were noted at r = 2.5 and 32.7 
(Tables I, 11). However, the G values for guanine were signif- 
icantly ( P  < lo-)) less than those for the other three bases at 
all the hydration levels. The maximum G value for the re- 
lease of guanine occurred at r = 2.5; the remaining G val- 
ues were similar with no obvious response pattern (Tables 
I, 11). 

The yields for the release of individual bases, calculated 
using the weight of dry D N A  (r = 0), were plotted as a 
function of F for DNA irradiated with a dose of 90 kGy 
under N, or O2 (Fig. 7). As observed for the combined base 
release, two functions described the release of each base: 
one for r < 15 and one for r > 15. As would be expected 
based on the posthydration G values, the yield profile for 
guanine was lower in comparison to the other three bases. 
Under N2, it appeared that the yields for adenine, cytosine, 
and thymine for r < 15 were similar, but diverged at r > 
15, with thymine having the greatest slope, followed by ade- 
nine, then cytosine (Fig. 7A). Under 02, the yields of these 
three bases were again similar for r < 15 (Fig. 7B). How- 
ever, the yields of these three bases did not appear to diverge 
at r > 15, although a slight divergence could have been 
masked by the scatter in the data (Fig. 7B). 

One problem that could affect the analysis of the base-re- 
lease data is the low solubility of some of the bases, espe- 
cialIy guanine (34). To determine the magnitude of this 
problem, a known amount of each individual base approxi- 
mately equal to that obtained in the radiation experiment 
was added to a series of experimental samples, and the loss 
of the added bases during sample processing was deter- 
mined. Greater than 98% of each added base, including 
guanine, was recovered. Consequently, our base-release 
data are not affected by recovery problems. 

As noted in the literature, there is the possibility that all 
of the radiation-induced base release may not be expressed 
under certain conditions (35-39). To obtain the total radia- 
tion-induced release of bases, the DNA must be heated for a 
period of time, generally at 37°C for 24 h (35). When this 
procedure was performed, the additional release of pynmi- 
dines was greater than the release of purines (Table 111). For 
the pyrimidines. more thymine was released than cytosine 
(Table 111). The amount of additional bases released did not 
vary as a function of either l? or the absence or presence of 
oxygen. If the additional bases released after heating were 

TABLE I 
G Values for the Release of Unaltered Bases from DNA Irradiated under N, as a Function of the Degree of Hydration" 

Humidity 
( W )  Cytosine Guanine Thymine Adenine Combined 

IO0 0.015 (0.OOl)b 0.0094 (0.0006) 0.020 (0.002) 0.017 (0.001) 0.061 (0.002) 
84 0.013 (0.001) 0.0095 (0.0009) 0.017 (0.001) 0.016 (0.002) 0.055 (0.006) 
58 0.0 I3 (0.002) 0.0080 (0.0001) 0.013 (0.001) 0.0 14 (0.002) 0.048 (0.007) 
43 0.014 (0.001) 0.0079 (0.0002) 0.012 (0.001) 0.0 I3 (0.00 1) 0.047 (0.003) 
0 0.021 (0.001) 0.0120 (0.0004) 0.019 (0.001) 0.021 (0.001) 0.073 (0.003) 

G values were derived from the slopes obtained using a linear regression analysis of the base release yields (pmol/kg DNA) as a function of four doses 
( I ,  2, IO,  and 90 kGy) for DNA hydrated under 43- 100% relative humidity. For DNA hydrated under 0% relative humidity, only the three lower doses ( I ,  
2, and 10 kGy) were used in the G-value calculations due to a nonlinearity in the response for the 90-kGy data. The posthydration weight ofthe DNA was 
used in the G-value calculations. G values are expressed as micrornoles/joule. 

Mean f I SD of two or three independent experiments. 
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TABLE I1 
G Values for the Release of Unaltered Bases from DNA Irradiated Under O2 as a Function of the Degree of Hydration' 

Humidity 
("0) Cytosine Guanine Thymine Adenine Com bined 

IO0 0.019 (0.001)b 0.0060 (0.0005) 0.023 (0.002) 0.019 (0.001) 0.067 (0.004) 
84 0.014 (0.001) 0.0064 (0.0003) 0.017 (0.001) 0,017 (0.001) 0.054 (0.004) 

0.016 (0.001) 0.049 (0.004) 
43 0.015 (0.001) 0.0088 (0.0004) 0.013 (0.001) 0.017 (0.001) 0.054 (0.003) 
0 0.040 (0.001) 0.0250 (0.0006) 0.036 (0.001) 0.039 (0.001) 0.140 (0.004) 

58 0.013 (0.001) 0.0079 (0.0003) 0.012 (0.002) 

G values were derived from the slopes obtained usinga linear regression analysis of the base release yields (pmol/kg DNA) as a function of four doses 
( 1.2, 10, and 90 kGy) for DNA hydrated under 43- 100% relative humidity. For DNA hydrated under 0% relative humidity, only the three lower doses ( I ,  
2. and I O  kGy) were used in the G-value calculationsdue to a nonlinearity in the response for the 90-kGy data. The posthydration weight of the DNA was 
used in the G-value calculations. G values are expressed as micrornoles/joule. 

Mean +- 1 SD of two or three independent experiments 

added to the data in Fig. 7A, the separation of the purine 
and pyrimidine curves increased, but the shape of the 
curves and the slopes remained the same (data not shown). 

DISCUSSION 

The release of unaltered bases from y-irradiated solid- 
state DNA depends on the degree to which the DNA is 
hydrated (Figs. 4-6). The incremental amount of base re- 
lease observed as water molecules are added to the DNA 
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FIG. 7. The average yield of the individual bases asa function of r for 
DNA receiving a dose of 90 kGy in the absence (A )  or presence (B) of O2 
The yields were based on the dry weight of the DNA (r = 0). Each point 
represents the mean k 1 SD of two or three independent experiments. The 
straight portions of the curves were fitted by a linear regression analysis of 
the appropriate individual experiment data. The nonlinear curve in B was 
fitted by eye. (+) adenine, (A) cytosine, (m) guanine, (e) thymine. 
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varies depending on the location of the water relative to the 
DNA. The large difference in base release for the first rzv 15 
added water molecules relative to the last e 18 water mole- 
cules (Figs, 5 and 6) suggests that there is a fundamental 
difference between the inner and outer water of hydration. 
Interestingly, this transition seems to occur at the interface 
between the inner 12-15 tightly bound water molecules 
and the outer 6-9 more loosely bound water molecules that 
constitute the primary hydration layer (3, 10, 14). In addi- 
tion, changes in the conformational properties of the DNA 
may be imparted by changing the degree of hydration (14, 
16,40). These conformational changes could also be respon- 
sible for some of the results in Figs. 5 and 6. 

By its proximity to the DNA. the inner water of hydra- 
tion has the ability to interact directly with the DNA. 
Charged species (H,O+, e&) that are initially formed by 
irradiation of the inner water molecules of the primary hy- 
dration layer may be transferred directly to the DNA (19, 
20, 41, 42, Fig. 1). For the irradiated water molecules that 

TABLE I11 
The Effect of Heating for 24 h at 37°C on the Release of the 

Individual Bases from Double-Stranded Salmon Sperm DNA 
Irradiated with 90 kGy under either Nitrogen or Oxygen 

Additional base release 
Base (rmol/g of DNA)" 

~~ 

Cytosine 
Guanine 
Thymine 
Adenine 

0.49 2 0.08' 
INc 

0.64 2 0.19 
IN' - ~ 

'Calculated using the weight of vacuumdried DNA (r = 2.5) and 
corrected for spontaneous base release due to heating The values in the 
table are expressed as micromoles per gram of DNA. 
' Values are the mean k 1 SD ofall five hydrations under both N, and 0, 

from two independent experiments. 
Indeterminate; the values were not statistically different (P > 0.05) 

From the values for spontaneous base release due to heating. 
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are removed further from the DNA, it is expected that the 
hydroxyl radical will be the predominant damaging species 
(20, 43, Fig. 1). From pulse radiolysis and laser-induced 
photoionization studies, the hydroxyl radical has been 
found to be more efficient at causing strand breaks than 
charged radicals on the bases (43-45). Consequently, a Sig- 
nificant change in the yield of unaltered bases should occur 
where the mechanism for inducing strand breaks shifts 
from predominantly charged species transfer to predomi- 
nantly hydroxyl radical attack, although other mechanisms 
could play a role (46 ,  47). Such a change in the yield of 
unaltered bases was observed when 12- 15 water molecules 
were added to the DNA (Figs. 5-7). 

Both the conformation and the mobility ofthe DNA dem- 
onstrate significant changes with increasing DNA hydra- 
tion (24) .  With respect to conformation, the changes ob- 
served in the DNA can be best described by a conversion 
from a pseudo-C conformation (a mixture of the A and C 
conformers) in the “dry” state (r = 2.5) to a B conforma- 
tion, as the DNA is hydrated to r = 20-2 l (12, 13, 16.40). 
Accompanying this conformation change is an alteration in 
the rigidity of the DNA, where the DNA behaves like a 
crystalline solid for DNA containing less than 10% water, 
but rapidly becomes a highly viscous solution for DNA 
containing greater than 50% water ( 4 ) .  In addition. the am- 
plitude of purine motion, the restricted rotation about the 
tilted axis, and the rotational diffusion have been shown to 
increase with increasing values of r (6, 7).  The conversion 
of the DNA from the pseudo-C conformation to the B con- 
formation results in a narrowing of the major groove (14) 
and may limit the accessibility of oxygen to DNA base ndi- 
cals. In addition, the pseudo-C to B conformational change 
will stabilize the base stacking interactions (22), which 
likely leads to an increase in the mobility through the 
stacked bases of the dry electron and the positive hole 
formed by the direct irradiation of DNA (48-50). This can 
result in a decrease in the base ion radicals because of an 
increase in charge recombination (Fig. 1). Since it has been 
shown that DNA base ion radicals can produce strand 
breaks by formation of a sugar radical via H-abstraction 
from a neighboring sugar residue (44,51-60), a decrease in 
base radicals should result in lowered yields of the released 
bases. 

In an attempt to better understand the effects of the water 
of hydration on the release of unaltered bases after irradia- 
tion, we have developed a model that describes the contri- 
butions of 1) the damage resuIting from direct ionization of 
the DNA, in both the pseudo-C form and the B-form, and 
2) the damage resulting from ionization of the water of hy- 
dration. Two types of water molecules are assumed to be 
present. Water molecules of the first type (Wl) are closer to 
the DNA and water molecules of the second type (W2) are 
further away from the DNA. rWl is the number of water 
molecules of the first type and is treated as a parameter to be 

fitted to the data. The fraction of the DNA in the B-form 
(X,) is determined by adjusting the results of Wolf and 
Hanlon (16)  to r = 2.5 at 0% relative humidity (20). This 
gives 

x, = 0.0563 r - 0.1407 (r = o to r = 14.7) 

X, = 0.0076 r + 0.575 (r > 14.7), 

where I’ is the number of water molecules per nucleotide of 
DNA (sodium salt). The total yield of released, unaltered 
bases is then given by 

where Y(tota1) is the total base release expressed as pmol/g/ 
kGyofdryDNA(r=O);G(C)andG(B)aretheGvaluesfor 
unaltered bases released by direct ionization of the pseudo- 
C form and B-form of the DNA, respectively; X, and XB are 
the mole fractions of the DNA in the pseudo-C form and 
B-form, respectively; and M D N A  is the total mass of the 
DNA. Since these results are expressed on a per gram basis, 
MDNA = I .  We also assume that X, + X ,  = 1; that is, no 
other conformation of the DNA is present. Finally, G(W I )  
and G(W2) are the G values for the two types of water, and 
Mwl and Mw2 are the masses of the two types of water. 

A multiple regression fit of Eq. ( I )  to the 13 individual 
data points for DNA samples irradiated with 90 kGy under 
N, or O2 was performed at various values of rWl (Figs. 5 
and 6 ) .  Valid solutions to Eq. (1) require that all G values be 
positive. Positive values for G(B) and G(W 1 )  were obtained 
only at rwl values of 14.4- 14.6 for DNA irradiated in an N, 
atmosphere and 15.0-15.5 for DNA irradiated in an O2 
atmosphere. For rWl values where positive solutions were 
found, G(C) and G(W2) were essentially constant, whereas 
G( B) and G( W 1) vaned inversely, with the sum of G(B) and 
G(W 1) being a constant. 

Neither G(B) nor G(W1) can have trivially small values 
(e.g., <0.015 pmol/J). Therefore, if the sum of G(B) and 
G(W 1) is 0.7-0.8 (Table IV), then G(B) and G(W1) must be 
roughly equal in value. When the sum of G(B) and G(W1) 
was partitioned equally between the two parameters, rWl 
was 14.5 for DNA irradiated under N2 and 15.2 for DNA 
irradiated under 0,. Table IV presents the best estimates of 
the various parameters derived from the multiple regres- 
sion fit with the sum of G(B) and G(W 1) partitioned equally 
between them. Both fitted rWl values are consistent with 
the 12- 15 water molecules per nucleotide that have been 
reported to be bound tightly to the DNA (3, 20, 24). In 
addition, the similarity between G(B) and G(W 1) suggests 
that the base release which results from irradiation of the 
W 1 water is mechanistically related to that formed from 
direct ionization of the DNA. 

1 0 2 1  409 
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TABLE IV 
Component G Values for Total Base Release 

from Irradiated DNA"' 

Parameter N2 0 2  

G(C) 0.06 * 0.01d 0.10 k 0.01 
G(B) + G(WI) 0.074 k 0.0 I C  0.077 k 0.0 1' 
G(W2) 0.10 rt 0.02 0.09 ? 0.025 
r W l  14.5' 15.2' 

G values are expressed in rnicromoles/joule and are derived from a 
multiple regression fit of Eq. 1 to the 90-kGy data in Figs. 5 and 6. The 
component G values are for the DNA pseudo-C form, DNA B form, first 
water type (W 1). and second water type (W2). The data obtained at lower 
doses have greater uncertainties; however, they suggest that the value for 
G(C), in both N2 and 02, increased about 25% over that reported in the 
Table. 
' All G values were positive only for a small range (ca. * 0.2) of rw, (see 

text). G(C) and G(W2) vaned less than 10% for all positive values of rw,. 
Although the individual values vaned inversely. the sum of G(B) and 

C(W1) was constant for all values of rw, for which G(B) and G(W I )  were 
positive. For the reported Tw, values, the sum was apportioned equally 
between G(B) and G(WI). 

Error limits for the G values were chosen from the largest of ( I )  an 
approximation of the standard error of the parameter estimate from the 
multiple regression analysis, or (2) the range of G values obtained subject 
to the conditions that all G values were positive and that neither G(B) nor 
G(W I )  became unreasonably small (<0.015 gmol/J). 

The error associated with Tw, was estimated at +- 2-3 water molecules/ 
nucleotide. 

To get a better estimate ofthe G(B) and G(W1) values, a 
second equation was developed in which the type W 1 water 
was presumed to only increase the target mass of the DNA, 
as suggested from the results of Eq. ( I ) .  The total yield of 
released, unaltered bases can then be expressed as 

Y(tota1) = G(C)(&)(MDNA + M w l )  

where the G values are the new estimates based on the mass 
of the pseudo-C DNA and B DNA, plus the mass of the W 1 
water associated with each DNA form. 

The best multiple regression fit of Eq. (2) to the 13 indi- 
vidual N, data points in Fig. 5A gave the following G values 
in micromoles/joule: G(C) = 0.059 k 0.01, G(B) = 0.029 k 
0.0 1, G'(W2) = 0.10 +. 0.02. This unique solution to Eq. (2) 
was obtained at Fw, = 12.8, a value that agrees with the 
12- 15 water molecules per nucleotide that are reported to 
be tightly bound to the DNA (3,10,14). G(C) and G(W2) 
were identical to G(C) and G(W2) determined from the best 
fit to Eq. (1) (Table IV). By subtracting the uniquely deter- 
mined value of G(B) from the sum of G(B) and G(W1) in 
Table IV, a G(W1) value of 0.045 k 0.01 pmol/J was ob- 
tained. Thus the G value for the W 1 water (0.045 pmol/J) 
was halfivay between the G value for pseudo-C DNA (0.06 

pmol/J) and the G value for B DNA (0.029 pmol/J). Al- 
though more variable due to the scatter in the data, the fit of 
Eq. (2) to the 0, data in Fig. 6A generated conclusions 
identical to those derived from the N, data. An excellent fit 
to the 90-kGy N, (Fig. SA) and O2 (Fig. 8B) data was ob- 
tained when the unique value of G(B) derived from Eq. (2) 
was used to get a unique value of G(W 1). Taken together, 
these results suggest that the G value for the W 1 water is the 
same as the G value for the particular conformation of the 
DNA to which they are bound. Thus the data support the 
concept that the predominant mechanism by which ioniza- 
tion of W 1 water causes the release of unaltered bases from 
the DNA is similar to the mechanism by which direct ioni- 
zation of the DNA causes the release of unaltered bases, i.e., 
by dry charge transfer rather than by hydroxyl radical at- 
tack. 

Our result, G(C) > G(B), is consistent with the change in 
base stacking that occurs with this change in conformation 
(Table IV). The increased base stacking in the B conforma- 
tion permits greater transport through the bases of the elec- 
tron and hole that are formed by the radiation (45-50). 
This, in turn. leads to more charge recombination in the B 
form, and a concomitant lower G value for base release. 

Type W2 water is associated with, but not directly bound 
to, B DNA. The G value for base release resulting from the 
ionization of this water is 0.10 pmol/J, which is larger by a 
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FIG. 8. The average yield of unaltered bases as a function of r for 
DNA receiving a dose of 90 kGy in the absence (A) or presence (B) of 0,. 
The yields were calculated on the basis of the dry weight of DNA (I' = 0). 
The data points come from Fig. 5A (A) and Fig. 6A (B). The line is the 
multiple regression fit of Eq. ( I )  using the G(B) value obtained from Eq. 
(2). The correlation coefficients for the lines in the figure were 0.96 for N, 
and 0.80 for 02. 
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factor of about 3.3 than the G value estimated for the more 
closely bound water molecules (0.029 pmol/J). The G(W2)/ 
G(W l )B  ratio of 3.3 is close to the value of 2.8 found for the 
efficiency of strand-break production by hydroxyl radicals 
relative to the efficiency of strand-break production by cat- 
ion base radicals (43, 45, 50). This agreement leads us to 
believe that irradiation of type W2 water causes base release 
largely through hydroxyl radical attack (Fig. 1). The value 
for G(W2) is approximately twice that found for DNA in 
dilute aqueous solution (27, 35, 38). This suggests that the 
DNA is scavenging most of the hydroxyl radicals formed 
from the type W2 water, probably due to these outer water 
molecules being less than 8 A away from the surface of the 
DNA. Therefore, most OH radicals will react with the 
DNA. In dilute solution, both geometrical considerations 
and the recombination of hydroxyl radicals that form in 
spurs lower the effective yield of hydroxyl radicals that can 
react with the DNA. 

Hydrogen peroxide is one radiation-induced product 
that could mimic hydroxyl radical reactions on DNA (46, 
61). This product can be formed in high yields (G = 1.7 to 
3.5 events per 100 eV) in irradiated aqueous solutions (39, 
62). Hydrogen peroxide has been shown to induce DNA 
strand breaks (63, 64). specific base damage (47, 61, 64), 
and base release (39, 47, 63) in unirradiated DNA in 
aqueous solution. Thus hydrogen peroxide formed in the 
hydrated DNA systems might play a role in the yield of 
released bases for r > 15. However, the formation of hydro- 
gen peroxide from the recombination of two hydroxyl radi- 
cals is less likely to occur in a monolayer of water on the 
DNA than in aqueous solutions of DNA due to geometrical 
considerations. Also, there is very little iron and copper in 
our hydrated DNA to support the Fenton chemistry re- 
quired to cause the release of unaltered bases. Conse- 
quently, hydrogen peroxide formation should make only a 
minor contribution to the release of unaltered bases in our 
hydrated DNA studies. 

The G values we calculated agree well with several predic- 
tions regarding the influence of conformation and the pres- 
ence of oxygen on the yield of released bases from irradiated 
hydrated DNA. For example, the observation that G(C) in 
samples irradiated under 0, is larger than G(C) for samples 
irradiated under N2 (Table IV) may be due to the scaveng- 
ing of electrons by oxygen from the DNA and from the 
inner water of hydration (65), thereby reducing recombina- 
tion events and increasing the number of cation radicals. A 
concomitant rise in base release would result, as we ob- 
served (Figs. 5,6,8). The fact that G(B) in oxygenated sam- 
ples is smaller than G(C) in oxygenated samples implies 
that as I? increases, the accessibility of O2 to the DNA mole- 
cule appears to be impaired. This may be due to a difference 
in the interaction between O2 and the pseudo-C form rela- 
tive to the B form. It seems reasonable to suggest that the 
increased base stacking in the B form would limit the acces- 

sibility of the O2 to the DNA bases. On the other hand, it is 
likely that there are differences between the reactivities of 
DNA base and sugar radicals and their corresponding per- 
oxy1 radicals (27, 39,53,59,60) which will likely affect the 
release of unaltered bases. For example, it has been shown 
for DNA (66-68) and for adenine mononucleotides (69) 
and dinucleotides (70) irradiated in dilute aqueous solution 
that the predominance of the 3’-phosphate ester cleavage is 
significantly reduced in the presence of oxygen. 

The results for the release of unaltered bases from DNA 
irradiated under O2 are similar to the formation of other 
DNA lesions in solid-state DNA’ (71-  74). The yield of radi- 
ation-induced single- and double-strand breaks (DSBs) is 
enhanced by the presence of O2 for “dry” DNA’ (71-74). 
Evidence also indicates that radiation-induced DSBs in- 
crease and DNA-DNA crosslinks decrease as r is increased 
in the presence of 0, (26, 28, 74). Any differences in the 
results for the formation of DSBs and crosslinks compared 
to the results for base release reported here probably reflect 
differences in the O2 dependencies for the formation of 
these lesions in hydrated DNA. 

Analysis of the release of the individual bases demon- 
strated some interesting anomalies. Overall, the amount of 
guanine released was approximately 60% of the other three 
bases (Tables I and 11, Fig. 7). At I’ > 15, the rate at which 
each base was released as a function of r was not the same 
for adenine, cytosine, and thymine (Fig. 7). Because release 
of unaltered bases is considered to be derived predomi- 
nantly from sugar damage that shows no sequence specific- 
ity, no difference in the yields of each released base was 
expected (35).  When irradiated in dilute solution, differ- 
ences in the release of the individual bases have been ob- 
served (27, 35, 38, 75, 76). but recent work has demon- 
strated that these differences disappear after the DNA is 
heated to 37°C for 24 h (35). However, even if the data 
shown in Fig. 7 are corrected for the additional base release 
shown in Table 111, it is clear that the yield ofthe individual 
released bases, especially guanine, remains significantly dif- 
ferent. 

For r < 15, reactions involving base radicals, rather than 
hydroxyl radicals, are expected to contribute significantly 
to the yield of the released bases. The lower yield for the 
release of guanine at r < 15 may be related to the compo- 
nent of the DNA to which the positive hole is transferred. 
For the inner waters, the transfer of the positive charge from 
H,O+ to the DNA (5, 42) may occur at either the sugar/ 
phosphate group (19) or the bases (5 ,  25). If the positive 
charge is localized close to a guanine or on a sugar contain- 
ing a guanine residue, the charge may preferentially transfer 
to the guanine due to the low ionization potential of the 
guanine base (77, 78). The lower yield of guanine, com- 
pared to the other three bases, may result from the guanine 
radical having a lower efficiency for the production of base 
release than the sugar radical (43-45). For r > 15, the base 
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release is due to the sum of the hydroxyl radical attack on 
the DNA and DNA radicals formed from charge transfer. 
Differences in the degree to which the individual bases were 
released as the number of water molecules exceeds 15 (Fig. 
7) are likely to be due to differences in the reaction rates of 
the hydroxyl radical with the DNA bases and the sugar/ 
phosphate group (79, 80), and the efficiencies with which 
the subsequent base radicals form lesions that result in the 
release of a base (43).  

Although our model described by Eqs. (1 )  and (2) pro- 
vides a good working hypothesis for the treatment of base 
release as a function of hydration, there are other factors 
that have not been taken into account. For example, as r is 
vaned, potential changes in prototropic effects (81) and/or 
alterations in the pH near the surface of the DNA could 
occur (82,83). The different levels of DNA hydration may 
result in changes in the degree to which various base and 
sugar radicals can react with water. This may prevent these 
radicals from undergoing protonation/deprotonation or 
hydration/dehydration reactions that are required for the 
formation of DNA strand breaks or the release of unaltered 
bases (84, 85). For example, it has been shown for purine 
base radicals that protonation of these radicals can have 
profound effects on both their redox and their acid/base 
properties (81). Indeed, the rate for the formation of single- 
strand breaks by DNA base radicals is influenced by reac- 
tions of these radicals with water (43) .  This may be an im- 
portant consideration in our work with hydrated DNA, be- 
cause the water molecules bind predominantly to the 
sugar/phosphate group at low levels of hydration and then 
to the bases at higher levels of hydration (14).  Additionally, 
there is evidence that irradiation of DNA affects the inter- 
action between the DNA and the water of hydration, i.e., 
proton transfer is enhanced (15,86-88). How these factors 
affect the formation of DNA lesions produced from both 
the direct ionization of DNA and the radicals formed in the 
surrounding water molecules will require further study. 

In summary, the release of unaltered bases from irra- 
diated DNA depends on the level of hydration (i.e., the 
number of water molecules per nucleotide) and the pres- 
ence or absence of 02. The yield of released bases from the 
direct ionization of DNA depends on the conformation of 
the molecule; the G value for base release from the pseudo- 
C form of DNA (a mixture of the A and C conformers) is 
higher than the G value for the B conformer. In the pres- 
ence of 02, the G value for the pseudo-C form is greater by a 
factor of x 1.7 than that in the presence of N2 (Table IV). 
The efficiency for the release of individual bases from irra- 
diated hydrated DNA differ; less guanine is released than 
the other three bases. Radiation damage in the first 12- 15 
water molecules is approximately 3.3 times less efficient in 
releasing unaltered bases than radiation damage in the 
outer, more loosely bound water molecules (r > 15). This 
ratio is similar to the relative efficiency with which hy- 

droxyl radicals and base cations induce DNA strand breaks 
(43-45). Our results are consistent with the hypothesis that 
the G value for the first 12- 15 water molecules of the DNA 
hydration layer is the same as the G value for the form of 
DNA to which it is bound (i.e., the pseudo-C or the B form). 
Thus we suggest that the release of bases originating from 
irradiation of the hydration waters is obtained predomi- 
nantly: (1)  by charge transfer from the direct ionization of 
the first 12- 15 water molecules of the primary hydration 
layer and (2) by the attack of hydroxyl radicals generated in 
the outer, more loosely bound water molecules. 
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