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o CHARACTERIZATION OF SOLUBLE NUCLEOHISTONE FROM DEVELOPING ‘

- ( - :. COTYLEDONS OF PINUS PINEA FOLLOWING X~IRRADIATION '

-

' . v -
. / .

ro C . Soluble nu\ieohlstone and histones have been isolated

¢

from cotyledons of Plnus‘plnea; this is the. first such
. , . ~ , . ,
isolation from any gymnosperm tissde. The nucleohistone

~ . isolated was similar in chemical comp051tlon and phy51cal
\ - .

charactexlstlcs to that of chromatln obtalned from other
plant tissues at comparable stages of growth. Histone, .
> - a® » ¢

purified by gel,electrophoresis, posseseed 8 subffréctions,
. ~ tentatively identified as tbllows; Verfgiyéiné7rich l}{f)“
-,fraetions'i-4- arglnlne-rlch F3 (III), fractlon 5, erglnlnc~\k:
‘ rich F,a2 }IIbi}, fractlon 6 and F,b (IIb2), fractlon 7: as.g’
’ L well as moderately arglnlne-rlch anl (Iv), fractlon 8.

“ 4 % . Nucleohlstone from days 15-22 of germlnatnon, a time

| N . 7

- ) of cell elongqtlon, pQésessed greater amounts of hlstone,
‘ ac1d1c proteln and RNA compared to day 14 mltotlcally— _

- \actlve nucleohlstone; ThlS suggests that the proteins may
L)

be, actlng to modlfy RNA synthetic act1v1ty related to

differentiation.

)
A}

g lg'vitro X-irradiation of either nucleohistore or:
B ) ' N\ ' Q" . ]
histone did not induce .changes iq,gel~electrophoretic'

——

. characteristics. Similarly, the physical characteristics
N

- and chemical composition of nucleohistone from nyclei irra-' |

&
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diated with 1 and -5 kR'were not significantly differ®nt

from un-irradigted‘controlsil However, 1 kR exposure to .

"

day 14 seedlings induced immediaté mitotic arrest and also )
(educedrh{stone deposition‘into'nucleohistone by 1 day after

1rrad1atlon whlch seemed to recover éﬁlghtly by 2.days post-
. ¢ -

®

'1rrad1at10n: It was concluded that X—lrradlatloJ by

' delaying mitosis, had dlsrupted both syrfchrony of hlstOne

deposition into nucleochistone and delayed subsequent
. : - ‘ R 5

differentiation of the cotyledons.’ R

+

d\' ﬁistone acetylation, methylation, @nd phosphoryl%;,

+ stion . (from Inorganlc phosphate) proceeded at low rates 1n

.

_1santed nucle1 and were -not affected by l kR and 5 kR -

X-irradiation; however,.AT32P phosphorylation occurred to

. a greatgr extent.r Exposure to 5 kRCX—rays significantl

"decreased\hletone Fi (I)l Fy (I)2 F1 (1)3, Féaz (iIbl)G
fand sz (IIbZ)?&ghosphorylatlon._ In retrospect, the high
bagdzlty and low ph0ephate content og F (I) and. sz (IIb2)

histones’in 1rrad1ated nuclel may cause changes in the }

abllrty of 1rrad1atéd chromosomes to complete mitosis thus

delaylng:further-dlfferentmatlon of nucleohlstone.chanpdz

.

terized by increases in Histone content. .
- ,

2 +
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vity. " For this reason most studies with ionizing radiation

. -between completion of mitosis in a cell and completion of

a \ - . ' ]

-(2) §,- the period during which DNA is r‘epllcated, (3) ’Gz,

“ 1 .INTRODUCTION
A ' , .2 :
. ‘Biological damage in .céll's induced 'by X-irradiation .
oo 8 . ' ! '
has® been traditionally associated with observed effects on
the nucleus of the cell. Only recently have the effects of .
\ . ° ‘.

o \ . [N
irradi(‘@ion, on cellular metabolism and especially macromole- -

cular synthesis been vtudied iri detail. "The most radiosen-

-

sitive cells 'of -an organism seem to be Lhose Wthh are as yet

undlrferlentlated and are in a- state of rapid mitotic acti-

~

in plants have. been co;‘n(fined to root and ap;Lcal meristematic
) !'"r"u : )
~

cells. -~

}

.The cecll cycle ‘has been defined as the interval

*

9
s.ubsequent mltOS‘.LS in o;xke or both daughter cells - It is ,

d1v1ded 1m~o four phases, namely (l) G, the 1nterva1

-

bétween completlon oJ: mitosis and onset of DNA synthe Sis

the period between cempletion of DNA synthesis and mitosis,
and (4) mitésis, in its four stages from prophase to tele- .
.- ) \ )
phase. °, Much has been learnédd about.the .sFructural moxrpho- .

\
logical/ blochemlcal and phy51ologlcal aspec,ets of the

different perlods. It is known194 tlmt the nuclear nfembrane,

” ' v ¢ N . - l“
go'l‘gi and ,nucleolus appe‘ar at inltlatlonﬁot Gl and remain .. '
['ed T

until onset of mitosis. The centioles reproduce during 8 - ,,

s
i



- - g

- s t

LU | ' R

éﬁd migrate to' the poles in Gj The splndle flbres ,form at

\ . L W A -

Gz:and breakdown at late telophase. Polysowmes form duerg/”

early Gl and dlsaggfegate at metaphase. Proteln, nuclear
“ )
RNA, rRNA and tRNA as well as S-stage protelns are synthe—

: l oo sized at'beginning of Gi and flnlSh by-end Qf G2. DNA, o
i ' ’ ac1dlc protelns, histones and nualeolar RNA are synthe51zed

. at max1mum rates durlng the,s period.. Mltochondrlal DNA,
- -A-‘ J .' e
mltotlc mRNA +and proﬁémns are produced max1mally in G2 =

~

. ‘ ‘) There is adequate ev1dence indicating that 1rrad1a~ o

« tion during the cé{l cycle results in 1mpa1rment of DNA syn-

p . .
: . the31s and delay of- mitotic diwvision. Sparrow,et al. 157

¥og

. o Pelc and HOWard 1n plants and Lajtha94nin animal tissue ( vy

v
' o . culture demqnstrated a correlatlon between 1rradldtlon ef-

« &

‘fect and cell"stage. Chromosomal damage and DNA synthe51s ’ '’

-‘ . were observed to Be greater whén cells were.lrradlated

' during the. first phase of interphase (Gy) than at the time
. - s .
@f DNA, replicatian (S) phase. (For ‘a .recent review of\the .
° .\ r‘v»-—f\ " |
effects of irradiation Sn DNA synthesis in mammallan tlssu%, ) . |
- ‘ ,l t ) ¢ -
culture systems see Sinclair 53). .- C o '

S ! ' <
The most important reversible block pro?d%ed by

- S,
N “

ry

. "irradiation appears to occur in G,- Irradiated cells move. - . oo

into G from DNA synthesis (S phase) and G } but are _

P -

. . deiayed from going into m1t0s15vfor a varlable tlme deﬁen—-'
: ding omr dose104 { The duratlon of’ 62 -block appears.to ‘ ' -
s .
depend upoﬁ'the,p051t10n of the cell in the cell cycle at
R - .. o e

.
.
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in 91

tlme of irradiation, the dEIay belng greater for cells irra-

- -

dlattd 1n the m1dd1@ of G2 gnd*Iéast for those 1rrad1ated
51 171 192 T, o o '

It hasVYalso peen suégested'that the mechanism of _-

. ae

, action of radiation delay is through an'intérference with

* ¢ . ° . 1] e .
synthesis of proteins or the nucléohistone synthetic pro-
cess per §§§’997101. In 1927 Stadler di§b6vé:ed that X-
’ B h / . T . t BT
irradiation inducéd mutations in ‘barley. Since tHen much "

.

‘work has beern ‘done on . radiation effects in plant systems.
— . ' . , S

A ¥

L ' .

of DNA'5yntﬁesis in‘meristéms.l Rates of RNA and pjotein

Several reviews are available *describing thé various effects

S aaas T s ¥ ' .
producgd in plants by radiation which jinclude decreases in
, h -5

germlnatlon, reductlons in growth, chromosoﬁe-aberratlons,

chlorophyll déficiencies, chagges 1n-morphology on tlowerlng

parta, decfease%~3n resp;ratJon rate and CO eXchange as

well as cffecto on bioFynthetlc processeg, e.A. nuclelc

57,93,115, 137 184 .

. 4

a01d SynthESlS; ang “IARA bynthe51s

posure of &ry seeds of cdrnng b@rley3l’?4'98fj’

182 65 139

peanut™ ', pea , and plne (Plnus.plnea) 6 ionizing

radiatidn leads -to mltOth arrest, %nhlbltions of growth an@

4

o>

synthesi§ were found to be‘variously affected. . Irradiation .

. Py » ) , . ) . ¢ 1.
at levels sufficient to induce inhibition¥ of cell divisian,
%pes not inhibit cell’eloqgati6n33”65’l39. Cherry ef-'al.33

observed thé%ﬁx—irradiéEiOn of corn stimulated : 32Pb1ncor—

poraticon into nuclei while incorpbration of amino acids

~

-
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| - x . : ~
|

' o < e e : ‘
S . into protein material was inhibited. 1In addition, abnor- ’
4 » . < . . ' . ) . "y
. malities. in the synthesis and redistribution‘of‘soluble and
oo "ﬁ&Crdsé%al RNA were noticed~after irradiation. . ° -

. . Peanut cotyledons 1rrad1ated w1th 250 kR of X~-rays -
o ‘. " -
.. and stored 4 weeks prlor to germlnatlon eXhlblt reduct;ons
v“o - ’ \
82

in synth381s of. all RNA fractlonsl A Hybridization of RNA

‘ 5 [ .
. to DNA and e}amlnatlon of proteln S)nthESlg on polyrlbosomes

‘“

o ‘in VLtro lndlcated that X~ 1rrad1at10n, suff1c1é%t to prevent

. e

s cell geneﬁétlon, decreased the capac1ty of germlnatlng seeds
;y " 0o peruce ﬁdﬁctlonal mes$enger RNA (mRNA) “u .
o F .
‘ Kovacs and Van t Hof92 demonstrated,;hatﬂéxposure

7 . “ -

of synchronlzed’cultures of excised -pea root merlotems at

L]

the G /S boundary to jbo R of Y radlatlon does not alter the

.

result in prolongation of the G, stagé. Elevated rateés.,of |
. -' , . , - . ) o . f

brotein}syntheeis occufréd_associated with Y—Erradiation—‘

. ' t

LA

induced mitotic“delay «‘Ana;ysis-of 14C labeled proteln
hyFrolysg&é’lncorpoxatlon into nascent polypeptldes revealed

N
that’ as the Gl/S irradiated populatlon entered G labellng

2I
. . increases over the monomeric nebioqggf the polysome profiles

|

|

\

E ,

| ) . “ .

}‘ ) “”&gfsd%pared to non-irradiated controls. Thus it would appear

that 300 Rrof y-radiatioh not only 1mpa1red requisite \
protein synthesis blut also disrupted-the contfolllng | )
mechanisms reséonsible for notmal poly§ome'ogganizatlon,and
. protein s&nthesis. It can‘be concluded that protein

. Q M Lo

183 e -

initiation events for DNA synthesls and.réplicatioh but does




' syntheéie‘is requiréd for the cell to resume division and is
* ,“’ 4 . b ' ’ - . ) \
. associated with; sbut not negessarily respohsible for recovery

° ., —

from 62 mitotic arrest. ) .
% - .

High radiosensftivity of many gymnosperm species ig

.‘ . . . ) A
| T well documented23 135,66/ 1410 £ yioy of the possible :
— DI

| o - release Qf'radioaotive fallout from nuclear and thermonu- .. “+
" @kear detqnations or .reactor effluents it is possible that
large ‘scale destruction of the conifer population could occur. -
\

Ih'Cana@a the loss of this dominant species with‘its numerous
,onendent edosiétem; could result in economic effects of
catagtroph;o proportlons. ' o . o
] Ti ';inus plnea is a partlcularly suitable materlal for '
-
¢ . « the study\of reo;obloZOglcq} effecte; Each of the 12 coty—

- "~ ledons of the dry. seed is'an embryonic meristem, consisting
-~ ’ .\‘. * . . « ~ .
exclusively of Gl-cells of 2C DNA COntent27-with a potential . -
: - * 7 ) . -

¢

bfor 8 fold increases in DNA content. Since they posses large
anvclei of 1.0-25u size,. modérdte doses of 1rrad1at10n (15 kR)

.

arce sufflcleﬁt to 1nduce symptoms of" rad1at10n<damage.

139

Previous work by}Roy et al. found that 15 kR

. X-ray exposure .to dry seeds of Pinus. pinea induced chromo-

somal aberratidons, growth inhibit;Ln et cotﬁiedons, 25%

~— reductions in DNA synthesis and delay of mitosis. Radiation’
. N ‘ ” . | . B .
' reduced the incoxrporation of 3H—uridine ifto RNA and‘14C— .
1 ¢ a . '
®
- + leucine into proteln at day 14 of germlnatlon when DNA syn— -

B ‘a '

P . C ¢ v
thesls and mitotic act1V1ty were declining. Interestlngly, - —
- . ‘

. . , . .
< . d} . J . t \
- ° ' Ay ’ .



-synthe51s‘and cell repligation’’

PN 4 \ .
14C-—thymidineincorporatiop into DNa é§§x3H—lysine into pro-

tein wag inhhibited by X-rays at the time of maximum ﬁuqléohis-

tone‘synthesis (days® 9-11). . in view of recent reports that

synthe51s of histones are an obllgatory requlrement for DNA

7,142,188 Inhlbltlon of syn— -~

-

thasis of thec}ysine—rich histones may be related'to radia-
tion effects on-delays of DNA synthesis and mitosis.

* Nucleohistone of gymnosperms has not yet been iso-

i3 <

lated and investigatéed with respect to its physical and
chemical properties. " It would appear that améng the gymno;

sperms the most suitable material for tHis type of ihvesti-
- i

gation would bePEhe cotyledons of germinating seedsgof -Pinus.’

pinea by virtue of their'sigze. The cotyledon is a discrete
meristematic tissue in which all cells will epfer a period

.

of }apid cell division during the second week of geiﬁﬁnaﬁion.

This provides l'. e quant;tles of asynchronous, but homogen—

ith large nuclel and hlgh 'DNA

content, making it possible to 1solate suf§1c1ent—quantlties

of chromatin while using only small numbers of seeds.

Gunckel. and Sparrow57r in a review on the. effects

A}

of ionizing radiation in blants reported that vér§ little
§ ~ .

" work had been done on the gffecﬁ of ionizing radiation in

plant nucleohistone even'though preparation of deoxyribonu-~

\
\cleoproteln, histones and ac1d1c (res1dual) protelns had

been repdrted from wheat germ and from several- ahlmal



! Lo

I . . .
. " | P )
* tissues by Mirskey and/,Bollisterlo9 as early zs Y946. Since

- 1

that time isolation and characterization o ucleohistone

4

\ ~

and histones has been described fromn a'variety of plant L .
46,74,114,160,161,176,177 : o

tissues
As yet there hdve been no reports concerning the
- . . \

effects of ioniging radiation on nuclechistonc or histone

protein isolated from any species of pine. In this,stu?y

@

nutlcohistone was isolated from purified nuclei of cotyledons

of Pinus pinea sampled at various times of germination. It \

will be showﬁ that, thé,physical characterfstics and che-
. mical composition of nuclechistone,as well as histone pat- | ’
T ) . 4 ’
terns and nuclear metabolism did not*change from irradiated

+

-+ material ip particular compared to non-irradiated material.

Metabolism of some individual fractions of higtones isolated

from‘iyraaiated nuclei were affected by irradiation.  The
relat‘bnbhip of these changes to the effects of irradiation

on cell differentiation and histone synthesis in germinating

-

. R S
_seeds of this species will be discussed.
. 4 v e
\
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A. NgcleohiStone

K The functional form of the chromogomal DNA of eukar-

_ — <

votes is associated with other macromolecules such as his-
X N : 3

tones, acidic proteins, lipids or lipoproteins and RNA. This

Lt  C i . . ' N . .
complex is called nucleohistone. Chromosomes are ordinarily

obtained from ,cells during inteﬁghase and are' therefore in
. N ! ' B¢
the extended state known as chrowatin. %onnpnborg aqd ?ubnleG
. .
have reviewed the various metﬁodo that have been uzed to

-

prepare nucleohistone, - \
The composgtlon of vadral chromatln con31stg of

almost equal proportlono of DNA and hloCOHES as well ag . =

. A}
smaller amounts of RNA, adidic pro;éﬁns and lipids. 1In con- )
£rast,£o the hign rgproducibility of“ﬁistoné to DNA'ratiﬁs, 3'
the acidic protein content’ has been found to be;;mch ﬁgré -

. * ) ) .
variable, the vield of which is .somewhat dependent upon the’
1 [ ] .

Methoq\of extraction49. It is now believed that the pon-

histone content of-.chromatin réflects its transcriptional

'-activity7l, since it 1%\found to be relatlvclv high in

-

" R
tlssuec active in RﬂA ‘synthesis and low in repressed’ chroma-

3 L]

tin. -Also, the non—histone protelns have been shown to
influence the specifiéity of transcription (see later part

of this discussion). | ; g » ?
FO Vd \a N . . D —_— ‘.

(Ve



In water, chromatin forms a gel which'on dilution

swells and ultimately dlqsolves in a viscous &1gper$10n.

The ability oﬁ‘chromatln to form rlgld gels 'is regarded by .

. ~ many investigators as characteristic of enzymatically unde-

graded chromatin samples49’42’75”196. DNA under similar

tonditions does not gel.s, Dounce and O'Connel41 p. 2013 ' |
. L . N . ‘
|

~

- stated that they "..:cbnsidef gel formation to be an indica-

tion of an intact desoxyribgnucleoprotein, where the DNA i3

L8

attached to the reéiduallipoprotehqofwtﬁé°chromosomes, S

probably through covalent bonds." The formatioﬁ of the~gel4

qtate is most llkely a result of . Lhe 1nteract10n between the

very lysine- rich Fy (1), hlstones32 103

122,47

» and thiol groups of the‘

[
f

arginﬁne—rich FB(III) histone forming cross-links @nd

@
o

< . . “ R -‘.
disulphide bonds. Bram and Ris24 proposed that the nucleo-
' protein fibrelcoﬂsiéted of ,a siﬁglé DNA'doublg'helix mole-

cule that wééyirnegularly supércoiled or folded w'th an

ated by. areas

einslgs.

o vaeg%onS”of’high hiéﬁbne‘deqsity ségm to be sepa
.“of DNA free of histones but bdund to acidic pPro

Thermal denaturation of chromatin is' & method used

to probe thébstructure‘of nuclephistone and the ways that '

'»hlstones are a55001ated w1th DNA. The melti g temperature of
X . 6 . N

.-



stabilization of adenine and thymine bas

zing effect by lncrea31ng the T

Y < ’ K ' \ . ‘ -10

% - N \'
.

the DNA 1qba330g1atlon w1th ‘histone decreases w1th guanlne
. v .

\ a

&
and cyt051ne content of the DNA, 1ndlcatzng a preferentlal

pairs by his-
118 _ S—
tones . T, )

. ' .
. ™ ,

Therial denaturation studies on chromatin sa%ples

¥

contalnlng addytloqal histones show them to have a stabili-

19,107,151 (deflned as tQéWQﬁ;

temperature corresvonding to one-half the final’ 1ncreas? in.

relative absqrbance determlned by comparlng absorbance'at a

3

stapdard wavelength, e.g. 260 nm, at the temperature %am

u

relétive to absotbance at 259C). 5/
One of the earllest events-accompanying %He activa
tion of prev1ously inactive chromatln is its pqﬁgresslve-

deeondensatlon and the increased binding capaénty of DNA

for dyes or Actlnomyc1n D76 112. Histones have ‘been strongly

lmpllcated in the supracoiling of DNA and*theffufther-aégre-

gation of these supercoils into mitotic chromosome569'117'llg.

Histones prOVLde a structural‘jisls for the’ Eunctlonlng of '

. .

DNA in eukaryotic cells. At prophase ‘the DNA condenses.to

L] o«

form chromosomes. ?iskones by virtue of theiirproximity to

-

DNA have been implicated as essential to properly orient and

anchor the DNA in these supér@trﬁctureslgse Chaﬁgés in the ' .

'-biﬁding affinity of histones Yo DNA may explain the presence

of euchromatic and heterochromatic regions in histelogical

staining. Increases of RNA polymerase activity: in ig_vitro !

- \.
g



- that there are fi%e“majqrﬂhistone~fractiéﬁé“iﬁﬂﬁbsﬁ_éuiaryo-

°

test system containing nuclei or chromatin has been reported. .

after removal of histones. Replacement of histones leads to"
4,19-21,53,59, 74 we

repression’ RNA ‘transcribed on nucleohlsb« xn

\ » "':,J‘;' S

tone‘templates hybr1d1§ed»W1th DNA to a lesser extent than: \\\’ )
P4 19,20,126

. The

a 2

RNA synthesrzed on proternwfree materlal

\1 .
results support the supp051t19n that restriction of RNA

'éolymerasg transcription must be due to resultant steric

'alterJEipns of the nucleéhistone template by DNA~protein

I

interactiops. \\
Histones have been proposed EQ'act as spécific
g b ' ,
repressors of DNA-directed RNAﬁsynthesi%Z4'163.' According N

4

to thjs viewpoint, histones should be tissue specific,'“

éxhibit.heterogéneity, vary qualitatively or quantitively

during differentiation and development and exert a differen-

2

tial ability of ﬁepression‘on the~process'of gene‘trahscrip-

o
tion. , ' ) . l
’ e : : :

\  Chemical an&:electrophoretic techniques indicate

l

tic tissues; and in some specialized cases, several other ¢ f;
) : :

fractions have been detected in minor quantities, probably

as a result of chemical modlflcatlon of hlstones, or in

4._ ".

highly. spec1allzed tissues, e.d. » chicken eryocytes, sper-

matozoa. | Despite nearly one hundred years of resaarch on -

-~
i

histones fhere}is as yet no unified nomendlature for his- ‘ !
Ji , ' '
tones. The two .most wi&ely used systems are that of



El

- [N ‘ . s‘ ~\’,_~'w"_ .
Johms '8 derived from clemical separation (the ishns nomen-

clature Fy, F,a2, F,b, F, anl)an@ that derived from column

chromatography on amberlite GC-=50 (the Luck némenclature,

. I,_IIbi, IIb2, III, and IV). There are three major hiétone

g

) fractions in the lysiné—rich group and two in the arginine-
- N rich group. The heterogeneous very lysine-rich Fq (I) his- .

tqne contains several subfractions, is hydrophobie in nature,

. N

consists of about- 212 amino acid residueé,.and has molecular
weights in the order-of‘lé,SQQh— 2?;000 daltons. Besides the
very lysine-rich F; (I), the moderately lysine-(serine)-rich’ )

: sz (ITb2) and the slightly lysine-(agginine)- rich histone ’
F,a2 (11lbl) represent the 1fsine*rich histonesd inuhigher animals:
The arglnine-(glycine-arginine)-rich histone ﬁ?al (IV) and the

-~ o -

-—- ----——-arginine-(alanine-arginine)-rich histone F3 (III) beltong to the

arginine-rich histone gfoup.
. . . .
- The definite number of histone fractions in various

¢

organisms is unknown and may be quite large. Preliminary reports
N 1

indigate that histones of some primitive-and uniceilular organ- .

“isms do not possess F; (Ty hflstonesl45. Such is not the_c.:-a-she;
for chromatin obtained ;from aniﬁalé gnd plants. 'E¥tensiVe
anai&tic;l wo£kwindi9éteé that their chromatin contains'only

-fi;e major histoné‘fractibnél . . . ;

e L ‘The F; (I) histone fraction is heterogeneous, the

! ! o s [y ' . v . . s . ‘ﬂ
number of subfractions Varyzag between individual tissues in

) s 13 ' L/
- the same organism, as well as among species. There are‘four

or fiwve ﬁi (I) histones in rabbit thymus, four in rabbit
% :

&



"’ o A\l

| . | C L .
. ‘ '
mammary gland, three or four in-rat and chicken spleen,

four in cat spleenf\thgge in calf spleen, and varying ﬁum-

- bers in,erythrocytes of trout, pikée and carng »30,83-85, 165 185
't
Lhanges in histone amlno ac1d comp051tion or electto-

' phoretlc bandlng pattern Have been observed in dlfferent

'organs of peas?s, and during dlfferentlatlon of peasggf

wheatl72’l73! xobaccolgzand i'adlsh56

L)

[N

, Striking .

changes in histones were observed durlngcdevelopment of sea

urchin eggs"to the‘gastrula stagel40’l74h Sheridan and p

. - b 4
Stern150 observed the formation of a new pre-mleotlc hlstone o

* 4

t

which gradually, dlsappeared as dcvelopment proceeded in

anthér tf\sue of 111y (Lilium longlflorum) and tullp : -~

~ ’ .t

(Tulipa gesneriana). In 111yCH1ppeastrum belladona) PipkKin .

and Larson130 found tWo more 1yaine-rich Fl'(IL h}stgne;ax i -

B
3

bands in active anther tissue |as compared to, quiescent -

T : ‘ “
tissue. %écently Nadeau et 3£,114'have observed the oc-.

Eurrence of unique plant histones which may be modified .

[

forps. ot F,a2 (IIbI) and F,b (IIbz) Meanwhlle many authors.

contend that the dlfferences«between hlstones of plant and
. .

—anlmal species-are so slight that hlstones must be acting ‘

- R ' 36,4%427,152, |

|

\

\

as general repressors of gene tranSﬂrlptlon {
155'16111761195. \ * K I°~

- o L \ -~
. , .2 -

. hd - -
~

Comparison of the amino acid sequence of histone

3 ? \

-anl (IV) from pea, and that from calf thymus, reveals

s 1]

striking 51m11ar1t1es in various reglons W1th only three



"template for RNA- synthesis. 'Fﬁrther, when DNA is precipi-.

/ S

155

v

4

‘ .
differences in the 104 amino acids of the ‘two, molecules
Compafison of the N-terminal amino acid sequence of.histone F3

3

(III)-of various species. revealed siﬁilarities except at
25 155

-

commenting on these simi-

.

ldri&ies, suggested that histones pérform'identical func- .

residue 41 Smith et al.

p o _ . )
tions in all-creatures. Further, because of the high /
degree oﬁ conservagism of the primary sequence, histones ~ e

must bé resistant to evolutionary change. *e . o
The specificity with which ‘individual histone frac- B

tions a&t as repressors is.controversial. Bonner and his

t n yo

'cé-wofkers as well as Mirsky and %o-workers contendythat

remoyval of the.lysine-rich histone F, (I) leads to the -
- l

greatest amount’of derepressioniﬁzl'éé'74{110’111L whereas 7

there is g&idenpe supporting the arginine-rich histones F3'
L ' 108,159

& ~ : -

!

(IIT) as.the most efficient repressérs

Johns and.Hoargsoéxamined the repressive action of vafiqus
histones in an RNA polymerase in vitro test-system. - They
observed that once the DNA—~RNA transcription is inhibited -

- ¥ .
by histone, addition of further histone increased solubili-

ty of the DNA-histone complex allowing it to bécoge again a

¢

tgted with an equal or lesser amount of hisﬁone, histone F,
(I)" is the best repressor. -At higher histd;e:ratios; histone .
Fiq (III) is the best represgor. The authors suggest that
the assay for té@plate acfivity is simply a wvexy sophisﬁicé-
;ed‘metﬂbd for meaéurinileA precipitation and that simple a

)



: . , R J 1 -

. .
y increases in solubility or accessibility to soluble comp-
‘nents might suffice to allow. RNA synthesis to ﬁroceed.

Iﬁ_ihls 1s the case, histone removal may not be a

—4,1:

e

“prerequ151t§;for initiation of transcrlptlon of chromatin
[} ~N
DNA. Rather, aleratlons in some other component of chroma-

v

- tin in transcribable .regions might result in incceases in

i
DNA transcription. Paul and Gilmoﬁr126 reported that the
acidic ﬁroteins may act to prevent histones from r\stric—

‘oking RNA synthesis. addition of acidic, proteins to a is="

, tone-containing in vitro RNA'polymérase system resultéz

" in partial restorationh of the inhibited RNA synthosis;87

by making the chromatiﬁ Eompiex more accessible to RNA poly~

1
tissue spec1f1c augmentatlon of transcrlptlon . In

+

brentiated tlssues} not undergoing frequent mitosis,

-

, / M+act1ve than histones. . AcmdiE\p%pteins 1solated from
various tissues have been found to consist of several hete-
rogeneous fractions. It is believed that through )

J 1nt§ract10ns with histones- the acidic prbtelns are able
~:.\) LT '—t"),

. e
to augment, transcrlp_{:lon152 /164,195

“Bb ‘Several iadiosensitive targets have been proposed
as sites of the primary lesion in the cell.including DNA,
longhlived essenger RNA, various intracellular fine struc-

tures and cell membranes. OFf these, only for bNA.is there

. | /

merase. Acidic protglgs added to chromatin in v:tro shﬁi,//

the nuclear non-hlstone protelns are much more metabollcally



a substantial body of evidence. Microbeam irradiation - ‘*7\
y . :

. l » v® ' ‘. B N ' .
studies 8 hawe .shown that thé nucleus is more radiosensi- + =

-
LS

tive than the cytoplasm of cells,

&’ - <

Once it had been clearly establlshed that X—rays
greatly 1ncreased the mutatlon ‘rate, caused chromosome
breaks and loss of genetic material it remained to study

the mechanisms by which these effects were braught about.

\
In.an early study, SparrOW'and Ros‘énfeld158 found that

in vitro irradiation of calf thymus dexyribonucleopfotgin

(DNP) led t® decreases. in'relative viscosity and streaming

birefringence,while RosenZendael et 25,138, in a similar

study, found ev1dence for release of soluble polynucleo-

' tides follow1ng 1rrad1at10n. These results seem to 1nd1—

e,

cate that degradatlon anq partlal depolymera&ﬁon of the

DNA-proteln complex cpuld be a result of elther single or

o

double-strand lesions to DNA.

[

'Kaufman‘gg gi.sz‘reporﬁed decreased swélling of

o \ A

;soiated calf thymus nuclei %in water after éxposur? to 1,000
R 'of X-rays. Irrédiation produc¢dwsn.asceiération of spos;
taneous loss of viscosity of_DN? gels‘when-lefﬁ for up to-18
hours in the cold Losses iﬁ viscosity seemedgto be the.l
result of fragmentation of the DNA as 1nd£cated by the
formatlon of low molecular weight ﬁragments and marked

decreases in the DNA component. DNP of mouse spleen
Ve

Sy
-
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.
- 4

extracted in 0.14M NaCl at various times after 850 R of

37,154 ]

total body X=~irradiatjon resulted in exponentials

drops in concentration of DNP and increases in soluble
¢ M . .

polynucleotides_with time after irradiatidn.i/ﬂale and
N Ellis37'concluded that the XTiiradiation induced changes
in binding between the DNA &fid the protein component,. i.e.

labilization, of the qucleopfoteins.

67 _ . .-
Hagen) .reported that from 1 to 6 hours after

.
A ‘

. in vivo irradiation of rat thymus, extractability of
« - DNA from irradiated tissue increased in proportion to the
. , : )

: IC ’
radiation Mose. Tie results were interpreted as further

¢ .

\ evidence of radiation-induced labilization 6Ff DNA from

the DNA compl{\ex.~ Interestinglyﬁ&when the solubility ) /
‘ N ;, " ' . . . - )
'+ characteristics and ‘ease of deproteinization of isola- >

i -rats, no effects‘of‘irfadiation could bé;“ -
dempnstréted;'however} this was not the case for DNP

——

s 1 . ‘oo
from radiosensitive thymus 2, Dexyribonuclease activity

-

»

in whole homggenates of.radiosensitive mouse thymus}V

. ¢

55

¢ sbieenlzgr and radioresistant regenerating rat liver

- [

- .t

| was' found not to be'increased'signifizfniljubY'ifradiation:
) . * \ : Ay

Release Of free DNA from irradiated s 1een'and—thymus

i
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. \ .
S vl 7 ' o e N

o
¢

- . lnsreased Wth 1ncrea31ng doses 3ﬁ irradiation indicating 3
s

- -

shift of DNA to a more squble form. Increases in the

' . F
ease o£ extractablllty of newly formed D§&~occurred 2 hours

‘e

before the-radiation- 1ndu@ed labilization of the pre-. | Qé. o
existing DNA-protein complexss’lzg. Therefoge‘it can bg

~  concluded that the labilizing effects of radiation on the -
r . ~

. / ' DNA~protein'compléx are delayed events and. not due to the ¥

.

£

) . . e
NAJand RNA in aqueous , —
\

» solution is caused by attack of radiation-produced

) activity of deox?riboduc%eésea . 37 -

Breakage-of the strands of

tive species (free radicals) on the sugar-foieties resul- ‘ -

. , j | _ o
ting in  splitting of the phosghite ester bonds4J. Rupture

of the hydrogen bonds between the’putine and pyrimidine _ =
t. - -bases of DNA leadsrto hyperchromic effects and deﬁaﬁuration \

|
\
|
|
. |
: - . - e s e f . |
\Fjs of the molecule. Exposure of DNP to dosages of 1bn121n§ l

) B < ' . ' \ ° °© : ‘Iq

: N |
~»radiation in the kiloﬁgg range ?ogs ndt result,in any . : {
|

/ - Y R . \ °
Tegsurable damage to the nucleic acjd bases, of nucleopro~ .

- . A7, < . 5 . ‘
. tein73’127'l43’189. In the intact nucleoprotein, the free .

radicals preferentlally attack the proteln component whlch-h. -}

] > . .
. « Seems to prov1de 90% protectlon of the DVA. Co. = ‘i -
. , , o

. . " Irradlatlon of DNP*and hi.stone soJutions in vitxo » -
o et VITED, :
w1th mP toﬁ;60 kllorads resulted in destruct;on of approx1» ,

’ mat%;y 4% hlstone-protelngo 135“1363 Tyr051ne, lysine’ and,fﬂg
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> t

and arginine residues were 'extensively destroyed and accoun-

ted for more than one-half of the amino acids released into .

‘ - - .
solution. Déstruction-of each amino agid in the histone

. ]

macromolecule was proportional to .its concentratiop gnd to

its rate of reaction with hydroxyl radicals. In adflitien,

- the total,g&gld of damaged amino acids of histone solutions
‘B * . -
wag\the same as for DNP solutioné. This indicates that all

.

the avallable hydroxyl radlcals were scavenged, by the his-

e — < -

/,//J’”tone component in the dose range, 1nvest1gated Changes in

blndgng afflnlty between BNA and histone and losses of low

molecuiar weight fragments of hiifone‘pfotein from the

105,168,178

irradiated,bNP complex was considered to be the

#

cause of observed ‘decreases in Mmolefular weight of DNP7™
. - . - a,
increases in densgity of DNA, changes in electrophoretic

' * 3 “ ’ ) . 1
mobility and in viscosity of DNP when irradiated in vitro’
- Coa : ) . - . ‘/
or in vivo. ' ‘ '
ve TN ' ‘ ~ =

—

- . Losses of histone from the nucleus to the cytoplasm-

4
'

of rat.thymocyte nﬁcleiigl and decreases inhbhemiﬁél extrac-

tibility of histohe sz-(IIbZ) from calf lymph node;s8 have

-

. : i '
been observed after irra&iation.! Bauer EE’EE}B isolated

i' Q‘ . . _ _
_DNP andﬁpistone from rat thymus® 24 hours after delivery of
. : . r's .
a 1,000 R total body dose. Decreases in the thgrmal sta- -
bllltY of leconbtl uted DNP (lrradlated hlstone and native

DVA) w1th time a r 1rrad1ation and changes in hlstohe
. ~.

electrophoretlc oattern were observed

-

e
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or acidic protein and 0.3 for nuclei. Radiation-induded

creases in incorporation rates into nonrirradiated animal
4 : .

' not seeén in irradiated animals. Any synchrony normally sg¢en

-

relatlve to DNA 1ncreases followxng 1rrad1atlon. But/ in

20

LY

livers 24 hours after irradiation and 48 hours

tial hepatectomy, Lehnert and Okada99 o%served that the

in an in vitro DNA polymerase system varied in theypfpllowing

way: 1.0 for naked DNA, 0.4 for DNA complexed with hilstone

"t

reduction of 3H—Eﬁymidine incorporation disappeared whe
the DNP was freed Of proteins. Lehnert and Okada conclu
that the x~ray—induced%}esion resideo in the nucleoprote
'éomﬁiex and was not related to changes in the permeabili

of‘irradiated nﬁciear membranes. Furthper studies by Leh

2100

“and Okada™ - in the’ same ‘system indicated that 3H thymldl e,

incorporation into the DNA offirradiated animals was reduckd

-

below that of non—irradiated animals. Incorporation of

l4é—lysine into histone was unaffected by irradiation.

14 . . . . - . .
C-alanine incorporation into acidic proteins, showed in-

: 3
in synthesis of 'protein and DNA in the nucleus is lost After

A

irradiation. The amount of protein, especially histor

other ;%udles,after total body lrradlatlonrdecreases in hlstone
11, 14, 1ymph01d organs and lk\\ 170

wede found to parallel one another resulting in constant

and DNA of rat thymus

-
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1

‘ethinonine),weré found to depress thymidine kinase and DNA

histone to DNA ratios. In both cases gel electrophorqtlc ,
naly51s indidated. that no preferential loss of a specific
histone had occurred. It would .seem that‘gecreases in

histone to DNA ratios after total body irradiation ig not 1
. : - 'rd' ~ R - - . . ) /{
a genéral phenomenon. Further, these observations

———

strengthen thehypothe515‘proposed by Lehnert and Okada99 Co-

that changes in the blndlng of the hlstone component to DNA
is not the sole factor involved in the promotion of the
primary lesion resultjngwfrom X-irradiation,-

ifter‘it was found that addition cf‘RNA,polymérase

to an in wvitrosystem which contained ATPy GTP, CTP, UTP
(triphosphopurine—py;imidine nucleotides), DNP, DNA or

other templates lcd to RNA synthe51s which tonld be .modi-"

4,20, 74

fied by addition or removal of histones bpveral . '

authors applied the technique to measure’ the effects.of

irradiation on the DNA- complex. Lehnett and Okadaloo'101

1
-

found irradiation induced 75% xeduction in RNA synthetic ac-

~

tivity {priming ability) - in liver nuclei. Three inhibitors

of protein synthesis, (actinomycin D, 8-azoguanine, and

N >

. polymerase activity as much as X-irradiatioy alone. -Changes

i
in enzyme synthesis but not priming ability was found to

parallel changes in DNA synthesis iglvivo. The degree of L ‘

inhibifion induced by irradiation was of the same magnitude.

The authors suggested that radiation both interfered with

——
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seem to suggest that

~ !

1‘. . f
. P f

blosynthe51s of enzymes necessary for entry from G, into s

-

and Changed the state of the DNP template necessary for

~. DNA synthe51s reflected in prlmmng ability after the cells .

entered S stage. In this sense radiation-induced altera-
tions in_enzyme activity would be more directly involved in

the regulation of DNA syntheéie than primihg_ability. R

Weiss and Wheeler190 found doses up to 12 kRad

resulted in 30% reduction in the priming ability of_DNP\in
an iﬁ vitro test system. Higher doses (36, 48 and 72 kRad)
resulted in increases of . DNP priming activity such

that at 72 kRadlactiQity was approximately 40% greeter

*

than control DNP. The initial drop was probaplycaue,to
radiation damage to the non4compleged DNA. The results
one of the effects of ionizing radia-

tion at high .doses is to cause the proteln aheath to become

"%

B
more detached ‘from the DNA openlng new 51tes*for RNA syn-

, N
the51§. N

54

In a more detailed study Goddard ®t al.>* and .

AY
Hagen- et al.Gg proposed that the 90% loss of priming activity:
in@uced by radiation is a result of single specific ;esions

in DNA which stopped RNA synthesis' along the template. At
higher doses of ionizing radiation there was eﬁidence/of

formation of new binding sites for RNA polymerase which may

contribute.to observed increases in RNA synthesis. The

7
z

chain length of RNA sﬁnthesized was decreased by irradiation,



but not the number of chains synthesized.. Since-the
. Ol s \' £ -
priming activity of RNA polymerase decreased in proportion .

ﬁo the molecular weight of DNA used as template, a single

break induced by radiation may be enough to stbbgthe pro-=

° -
cess of gene transcription in irradlated tissues. , .

PéskevichlZ4 6bserved that the lévels of rat liwer

4
'

DNP template act1v1ty assayed in an-in vitro te &L‘&Yu7ém
using elther exogenous E. coli RNA polymerase or endcgenous
RNA polymerase, increased 24 and 48 hours aftér irvadiation

with 400, 600 cr 800 R of X-vradiation. . Howeéeru the deyree ,'«3
of activity exhibited a distinct dose depehdenci. After

: s
120 hours, RNA synthesis ‘was- reduced belcow that of non- ot

-
-

1y . “ ’ ' . . :
radiated animals. TRNA synthesis of radiosensitive. i
] e .
. < . SN §
spleen using exogenous or endogenous RNA polymerase vas . L
. - . ;
raduced at all levels of.radiation below that of non-ixra- -

-

diated dngmals. The data indicates that mpst‘probably ) o

’ , ' .

radiation of rat -LTiver but not radiosensitive spleencauses

de~-repression of the DNA ﬁémplate.and also a partial acti- o

< ~~ .
. vation of RWA:-polymerase as measured by the in wvitro RNA o
° . “ . . N

synthesis test system. ' {_:' i ’
) A

Radiation has been shown to cause destabilization of

- .

the secondary structure of DNA. 3Jn a study of the interac- o

tions ‘of histones with heat;denatured,'irradiétgd and native

DNA isolated from rat thymus and liver, Umanskii and

1 \ . ) 'y ‘
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o M4

189,181 dhserved reductions of‘template activity

¢ v

of DNA and chromitin after irradiation. Template activity

1

of .rat-liver chromatin'in vitro was found to increase up to

-

"a dose of 10 . kRad and then declined thereafter. * Histones

l .

caused less precipitation and inhibition of template acti-

vity for RNA polymerase with irfadiated DNA than with
native DNA. ?his &as dué to the abhility of both denat@red o
and irradiatediDNA to bind an .excess qf histones on account
of rechgﬁging 1fd redistribution of the total positive

P

I8ading.to higher solubilities of the histone-

° "" v .
denatured DNA complex. It had been suggested by Johns and
Hbargsothat the repressive action of histones is associated

with their abdlity to precipitate DNA. According to tﬁis;

hypothesis increases in RNA synthesis may be ‘achieved by

rendering the complex more soluble or more accessible to

RNA polymerase by changing the local state of aggreqgated

DNP. It can ‘therefore be assumed that a chqnée in' the '
ability of irradiated DNA to be précipitated by histones is

associated with the appearance of denatured or destabilized '

4

!

: 4.
bility of the irradiated DNA complex. - .

portions in the'irradiated DNA which result in hi??ef solu~

. . * .
Recently, the effect of radiation on the activity of

“endogenous dhromatin-RNA volymerase isolated from suga& beet

Y 43;44

tissue has been reported by Cherry and co-workers t 300

.:ded of y-radiation at any time following washing of the .

e

o - . .
1 L3
\
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tissue was found to result in a 50% inhibition of endo-

genous RNA polymerase template activity and 60% reductions
' A K

C s . 3 ‘q . . . :
in incorporation cof TH-uridine intc nucleic 'acids. Exposure _ _

of tissue to 400 KRad severely inhibited (46%) the igcor—
a . . } S~
poration of 3H"uridine into polyribosomes. Inhibition of

‘RNA‘polymefase activity was not due to enhancement of ribonu-
. ) ) o

clease activity in irradiated tissue, Activity of endogenous RNA
/ . polymerase of isolated chromatin exposed to increasind
dosages of y-radiation was severely inhibited at doses

J beyond 100 KRad. This indicated that y-rays altered, the

s

function of the enzyme of other chromatin components, such
as the DNA template in RNA synthesis., Soluble RNA'poly- ;

merase: preparations of irradiatesd chromatin were found to

- o

transcribe DNA of control or irradiated tissue less than did

gontrol‘eniyme on irradiated DNA suggesting that irradiation .

o% RNA polymerase alters transcription activity more than

does damage to the DNA- template.

4
B. Histone Metabolism - o ' o . .

Y

Since histones are essential components of eukaryo-

@

- tic chromatin and most likely regulate both its structure

/W\ ‘ and function acting as gendtic repressors, ordered rates of
‘. A3 ) . .
"histone biosynthesis closely paralleling replicatio

other chromatin components would seem to be cessary for

o

replication and maintainiﬁg the differepfiated state of the

-~

cell. Cytoplasmic synthesis of histones has been sho#n to
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A

. . . o 17 .
occur during spermatogenesis in grasshopper™ , salmon testis

cellsloz, sea:urchin/eﬁBrYQSSl, and Hel.a cells grown in

——" 34 N
tissue eualture , as well as in isolated cytoplasmic poly-

some526’77. The histone proteins are assembled.on small |

polysomes found only when cells are.achively engaged in
DNA synthesis and only during the 8 phase of the cell cycle.
If DA synthesis was blocked by cyt051ne araban031de or

5~iluor£deoxyur1d1ne they dlsappeared rapldly. Block:ng ~

mesaenger RNA (mRNA) synthe51s w1th .actinomycin.-D did not

’aLLect in vitro histone blosynthes1s for at least -9 min

: ®

inditating relatively long half—lives.for histone mRNA's.

In rapidly, prolifeérating and undifferentiated cells,:.such

~as 'Hela cells, part of’ the synthesis of ﬁ}l of the histones

is lndependent of DNA synthe51sl42 and continues into'Gl.

[

. QA
Initiation of DNA synthesis leads to a marked increase of

Vo —,
o -

histone biosynthéeis even_ in these cases. Ev1dence from
¢ : .

prétein synthesié of protamines froﬂ%%%lmon testis102

34

and

histones of Hela cells1 1nd1cates that these protelns are

/_/ 7/
transferred\to the nucleus lmmedlately follow:ng synthe51s.
In N koff cells when DNA syntheels was decreased
without'a concomitant decrease in hisﬁone synthesis, pulse-

chase experiments indicated that the pool size of free his-

tone. in actively grow1ng cells was small and equlvalent to
120

L 4

_less than 2 min of histone synthes$§>t1me . The pool is

extra-nuclear .

b

‘\
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In X-irradiated céils obtained from piséue culture, o
Gurley et g;,5§‘5¥ observed irfegularities of ‘biosynthesis
and turnover of Fl (I) histone whi;@'suggésted that *there
may be an e%tféjchromatin pool of histones Fl (I) and F3 (111).
It éppears that under ﬁdrmal conditions g%ééynthesif;and'turn-
over of histones.arelwell cd“ordiﬂéted with that of DNA but. .
after irradiation, histone synthesis begins té exceed DNA.

. . -~ ! -

From the preceding discussion it is evident that
chromosomal DNA'muﬁt be free'qf histoﬁés in order ﬁs func- ‘I
tion as a templaté,for RNA synthesis In this sense his—
tones, are general r;pressogs of traﬁscripticn. Several -
authors have proposed that if higtonés do act in the - -~
yariable restriction of DNA then there must bé a mechaﬁisy
that would allow selective remqval of histqnes from DNA. .

Allfrey and Mirsky4 discovered that partial acetyiation of’

e-N-amino groups of lysine decreasea the inhibitory etfects
e .

- of histone-like prétein on in vitro¢RNA synthesis. ¥This

. L% -
finding stimulated an extensive search for chemical Modifi-

-

.cations of histones which could occur in vivo.- - It was anti®

cipated thdt such podifications were of significance inf

the ‘control of transcriptional activity of chromatin. Since '
' Ces R, . o :

then several modifications of histones in viva have been

demonstrated; acetylation, bhoéphorylation and methylation

" of certain amino acids being the main ones.

L



*  Phytohdmagglutin (PHA)~-stimulation of lgyniphocyte

cell culture L . cortisol adﬁinistration to adrenalectomized

rafsl, estradiol-178 given to rat uteris, and partial hepactec-

rtom§.of{ﬁat liver-l32

L

- all were found to increase rates of

'acetylatiqp of arginine-rich histones compared to lysine-

rich histones. ‘'Rapid aéetylation of the arginine~rich his-
) . ¢ . . ,

tqnesj@receded increases in nucleavr RNA synthesis geen in

these systens. Since acetylation was t affected by
¢ puromycin, an inhibitor of protein synhesis, acetylation ° (.

of histones must occur after biosynthesis and most probably

in situ in the chromatin. The authors concluded that acety-

lation in gene activated systems leads to changes in basic

proteins‘wh;ch @re prerequisite to ldter increases in RNA

syﬁth%tic activity. . : ,' .
R : . . 1,2,186

Further studies by Allfey and co-workers .

estéélished that acetyl-CoA was the acetate dgnor, that acety-—

lation was enzyme mediatéd, reversible aand not inhibited by
,ﬁ%rotein inhibitors. Acetate was incorporated into the
intact molecule and could occur at mﬁltipléssites within

ﬁhe same histone molecule. Acety;~gr6up transfer seemed to '
- . LY «

" be preferentially directed towards the arginine-rich Fy

(III) and Foal (IV) histones with 50-60% incorporation into

calf thymus histone F,al (IV) of the lysine at position 16.

2

& 1}

A high specificity of Histone écetylation was indicated ‘-

singe only 1 lysine (position 16) residie out of 11
. é‘ 0
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lysines in the moletule was acetylated. - .
" During the interphase portion of the cell cycle of
eukaryotic cells, a Qart of the chromatin remains persistent- .

ly condensed (heterochromatin), while the remainder is dis-

persed as “finely ,distribut'ed -threads (euchromatin) . By use

éf cytochemical staining methods high Histone contents have

been found in the.condensed, heterochromatic.regions' of

chromatin while the less dense euchromatic regjions seened

) )
to be more active i§protein' and RNA synthesisls’16

If acetylation is correlated:with lncreascd RNA
transcrlptl,on then acetylatlon of dlfoSP chromatln and nu-

clear c*hromatln should be higher than in condensed or

)

nucleclar-associated chromatin. Studies on acetylatlon in

e . . A
these st:ucture516'50'7o indicate that t\xiston'es-in'_these !

- two types of chromatin are acetylated at.equal rates. In

these cases it would seem that histoné acetylation is not

directly related to the amount of active template. At .

; ‘ o

: L .
present itiis saffe to say that 1t is not possible to con-

»

clude unequivocally that histone acetylatlon leads to

structurai chanqes in chromatln th.ch would result in the

activation pf DNA transcrlptlon.

< Synchronized cultures o'f mammalian cells incubated

with ’B‘H--acetateltl\8 rapidly acetylated histones F_a2 (11bl), F2b

2
(IIb2) and Fq (I‘LI) to a maximum in late S, coincident with

the termination of DNA synthes:.s, and dzcllned\rapldly
‘4‘ -

. @ . s e



tion of the chromatin.

" has been idgntified as S-adenosylmethionine. The transfer

v

g
s ]

thereafter. Histone Fl GI) a”otafé content rose rapidly :

in mid-$ coincident with maxinum DNA synthesws and declined’

thereafter. Histone F; (I) was acetylated to thergrea;est

degree but did not retain its 1ncorporated acetate. This' 7 A |

would seem to suggest that h;stone fractlon“Fl (I) is

4

synthe51zed and acetylated prior to the oQ.Fr fractions.

Wthh could ke construed as an early event in the altera* 1~ o

L]

149

When these same cultures were X-irradiated the

.

DNA, protein and histone contents of the cell .population

rose during the d%vision delay period, approximating Leveis
r\ . .
attained by normal bells,in}the G2 portion pof their life
p : N 1Y ’ A .
cycle. Accumulation ©f labelled acetate in hiBtone frac-

. tions Fd/};L’ Ezb (IIb2) and Fi (IIT) of 1rrad1ated cells T

paralle control values, whllc'Edtumulatlon of incorpora-

téd acetate into hlstone Lractlon F2a2 (IIbl) of irradiated
cells was depressed below that of controls. ‘
} ! 4
N 0y . s .
MétHylation of higtones occurs in nuclei and is

inhibited by inhibitors of RNA oynthe31s.‘ The reagtion is

3,52.

enzymatlcally'catalyzed The 1mmed1ata methyl donor

N 1

of the methyl group of ,methionine in vivo occurs preferen- i

" tially to the lysine residues,of'the arginine-rich histones.

22 and Chinese hamster ovary *

s

In synchronized HeLa cells

146

celf[s - Fl (I) histones: ’re not. methylated é‘light-
\

" q ~ .
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ac;d éynghesis. In support oftthis theéry are the obser-

vations of  Borun et al.

-

- - - v - . _
~_ ,
‘ v

methylation of histone*anZ (IIbl) and extengive methylation

. ) R N*
of arginine-rich histones E3 (ZEI) and F2al (IV) occurred,

rising during S to a maximum after.term}nation of DNA and
histone synthesis, coincident with the begihning of . mitosis,

and began te fall by mid~M. Methyl confént of fraction'Ezb

/ . o
(ITb2) rose to a maximum in‘barly S coincident with initia-

3

tion of DNA sfqphesis and rapidly declined thereafter. 1In |

149

X-irradiated Chinese hamster ovary cells accumulatiornof- -~ ——-—

labeled methyl groups as methyl 1ysiné,derivativesbin his=-

{

tone fractions F,a2 (IIbl), Fs;b (IIb2) and F, (III) was

2 3
depressed below control values 24 hours- post—-irradiation.- .

No methylatian of fraction Fl-(I) occurred in either control

or irradiated cells. 3 , ,
Methylation occurs independently aof histone synthe~
» ———

175 of methylation occurs when r&tes of DNA =~ -

sis . The peak

synthesis are declining. Methylation does not result in

~ -

increages of DNA template activity for RNA synthesis. . .

Methylatibn of histones may be corr%latgd with structural-

and functional changes in .chromatin known to/;ﬂsukt in the
. \ .

nucleus prior tomitosis,particularly during the éoﬁdensgtion P
of chromatin and during the ensging curtailment of nucleic '
a1 e )

A 22 " . N ‘
that in synchronized Hela cells,

- t ] -

maximal transfer of methyl groups occurred dﬁr&ng'the‘time

A\v. o~ - . ce . :
. of maXimal condensation of the chromatin, i.e. during G,

o .
W <

= [

. . 1
: . - . ] . -
. ~ .

-
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Q M 5E§‘vsxy early G1_°f thepcell cycle. ! v -
S “ ' Chromosomal abberations and increased mutation rates -
+ . . were first observed by. Sax in ¥-irradiated Tradescantia sp.
] ' N « ) ¥ ;
- L 3 . [} .
él <L mlcrospores. The net abberation frequency depended not - //
»~ . - @ .
. only on the 1n1t1al proAEctlonjﬁﬁ chromosome breaks but also
- von the existence of re301n1ng mechanisms dependént on ATP ﬂ\’
I . ; )
> 193.

‘ . synthe51s . This phenomena mav be a contributing factor
to 3ccumulated sub lethal effects of lrradlatlon, ospe01ally
. ) .+ since Crea»sy and Stoc:kem39 have sh‘ that nuclear phos-

phorylatlon and ATP synthesls are one of the most sensltlve

» -

- - processes to ionizing . 1rxad1atlon depressed by as little as -
- N . s R ‘4\
.o ''25 Rads Lﬁ/segeral ce}l systems. . 6

-
-

R

N - - . The serine groups of P (I) hlstone of calf thymus

(g

<
thosphoserlne87 166.‘ Hist@nes other than Lhe 'very

» 4 .
e Coa (III)' are phosphorylated but to lesser ‘exténts64 86 1y

each case, the phosphoryl group donor was 1dent1f1ed as

Y i has been found tq be a§;nvely phosphorylated resultlng in B

.°

belng derlved from ATP, . Phosphorylatlon of hestones in
5 a
. the cell nucleus could not be 1nh1b1ted by . 1nhLb;torQ éﬁ
_; protein synthesiii _ o ' Lo T -T ‘ Y )
: T Although the b%ploglcal 51gn;f1cance of hlstone

,@hosphorylatlon is not yet known,,there are & number of -

[Sid )
) observatgdhs whlch relate the . process to 1ncneases in- gene we
L . ' ™ . [
- acciV1ty‘ Hlstone@phosphorqutlop occurs»ln higher

Ld ~
.

Ry .
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4

proportioﬁs\in active (diffuse} chromatin and is tissue

7,64,167 - . W
~specific’’ / R

Hlstone phosphdrylation in target tlssu s is affec-

ﬁed by hormone administration. Cortisol, Wthh stlmu]atea

RNA synthe31s in llver, increases the phosphorylatlon of the.

he4

lysine- and, arginine-rich histones®within 30-90 min after
) B
adﬁinistr&tionl}3. The lysine~rich fraction shows the -

greatest increase. The effect is' not due to changes in the

AP poal Sane the speCIflc art1v1ty is not significantly

X 3

altefed Aumlnlsfratlon og glucagon to rats97 at dgses whlch(

7’

anegeffectlve ln 1nducing RNA and enzyme syntheSLS caused a

15-25 fold increase. in phosphorylatlon of very lysine-rich

Fy (I) histones w1th1n'the flrst hour. In the same study

insulin also stlmulated histone phosphovylatlon. The phos~ -
.phorylat;on of histones 1s catalyzed by spec1foc histone

’kinaseng. Actlvatlon of ghe enzyme by aden051ne 3'—5'—mono—
R o '

‘phosphate (cycllc AMP) has been demonstrated in V1Lro and in

2529?7 by ﬁhngap. Lymphocytes transformed by BHA4O 88,131

- show increased phosphorylation of histone Fy (I) within 15
\ 0ol
min. Therefore} phosphorylation, like acetylation, pre<

' e . ' . - & R B
cedes the increase in mRNA synthesis characteristic of this:
system. In regenefating rat liver a tissue undergoing,rapid

\ :' . ,P# \
RNA synghesis as compared to normdal liver, the rate of

phosphorylatlon and'phoéphate content of the Fl (1) very
lysxne ~rich hlstones 1ncreased by a fac;or of two w1th1n

’ -

l 4
16 to 24 hours 21,166, 167. Hlstone F3 (III) shows a

o

&
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-unaffected: by itradiation: The peak of phosphorylation ""*(

\protelns. Considering the role:q§51gned to phosphate' 2 {4

M |

-

similar éate of phosphorylagion'bug.no change in phosphate
content. - The‘highcr-phosphéte coﬁ;eni of the Fi (L) seems
tdfbe due tblan increase—}h Fhe numbér of Fl«fl) molecules
phosphorylated The'caoaci;y of histone. Fq (L) to suppress
DNA dependent RNA syntheSLS decreaées as the phnsphate
content_increases. e

*In animals exposed to y- lrradlatlon, phosphorylatlon

7

of Pl (1) hlstone 1s decveased to the same extent as DNA.
H

'synfhe51s. . There is no corresponding change in phosphate

3 kIII)ZSimilarly, irradiafion delays phoé~

R - : ,
phorylation of'Fl (I) histone in radiosensitive regenera-
' 121,122,167 . '

uptake into F
ting xat liver and kidney The effects are not
likelj to be due to cHanges in the specific activigy of

the ATP pool since uptake of 32, into labile phosphate was

.-

occurred before maximum rates of DNA synfhesis were achieved. ,

125 and then examined

Rat li&er_iiradiated with 600 R
after 24, 48 and 120 hours exhibit*ed increases in phos-

phorylation of all nuclear protein fractions, especially the

.- e Ty - \ ' . « N\
non-histone(@rotein§. Radiosensitive spleen when irradia-
P . ’ L
téd at 400 R exhibited decreases, in incorporation Of 32, ,
- - « 124,125
into nuclear ‘proteins. Paskevich and/co-workers™ " -

L}

.concluded that cnanges in the content of phosphate groups
P !

led to changeb in the functlonaJ properties of the nuclear

.



R

groups in control of RNA synthesis, disruptions in the state ~

of the nlclear proteins are certainly among the critical .
\ \ ) *,

factbrs of post-irradiation disturbances of cellular &5

metabolism. , ' i\\ ' -

v

Work in cell cultures concerning DNA synthésié(and

phosphorylation of histonés during the cell cycig§2’63'l47

32

indicates that P~orthbphosphaté\@ccumulatesqin sz (LIb2)

prior to S, rises to a maximum at mid-S and decreascs there-
after, i.e. phosphorylation is dargely dependent on newly
synthesized histone and in the case of histone fzb (1Ib2)

occurs before maximum rates of DNA synthesis. No dephos-

phorylation occurs during G; or M. The 32p accumulation in

A

Fl (I) protein beginé prior to S and continues in" linear
r

fashion through the remainder of the cell cycle. This
indicates that Fl (I) phosphorylation has little or no depen-
dence on availability of newly synthesized histone and

ijfther the phosphorylated histones are turned over:rapidly.

stone F3 (I1I1) bhosphorylationfoccurrea during metaphase

and was negligable during Gl,\Sé or GZ:"Histhe Fa (I11)
‘and a ?1 (I) subfraction wete opserveafﬁo‘be rapiﬂly phbs—
\phorglaééd'bnly at the time of cells, crossing the GZ/M -
~bouﬁdar§'aﬁa when transversing prophase. Hisfoné Fl %ﬁ)‘
phosphorylgtion is absent during Gl apd cbmmenées just"
before S making ?t a very early event associgteé With-cddl
version of non-dividing cells into ézgiding cells. The
evidehce suggests thaézphoébhprylation,of Fl,(I) histones

-~




that Fq (I) synthesis was uninhibited after X-irradiation

- , &36 b

v

3 (III) is Inltlatcd as a preparation for cell v

division and may be 1nvolved in the condensation of inter-

N -

and p0551b1e F

phase vhromatln 1nto mltOth chromosomes.

,-),
Newly,syntheSIZed hlstone Fl {I) from mammalian '

tissue cultureé was phosphoryiated after a laqg period of

~

30 min of histone synthesis time. Because of the laxge.
delay ‘observed between synthesis and phosphorylation, it'is o
apparent that phosphorylation of the histone Fq (19 must

have ﬁaken place while the histone molecule was part of 'the
nucleohistone. Thérefore, ;hosphorylation could‘nog bé'h” Y L
considered to be a transport device but a mechanism to
modify ‘the responset of nucleoproteins to stimuli. Turn-
over ot Fla(I) following irradiatioﬁGo is stgpped for the
same period of time as phosphorylatién inhibition by =~ h 2

irradiation. Resumption of Fq (I) turnover is coincident

with resumption of phosphorylation. However, ;75 dosc ,uscd,

800 Rads, did no% affect the phosphorylation ot hiqfcne
F2a2 (llbl), nor d1d 1t decrease the rate of DVA repllca~
tion indicating that phosphorylatlpn ot‘Fl (I) histone was
not airectly involved in DNA r?plication; QAlgo,sihce Fy
(I) aﬁd F2a2 (11bl) phos;horylation were gncoupled ffom\\\\
each other by,radiation, they probably have two different'

functions in vivo.' Gurley and walter®! recently. observed

of Chinese hamster ovary gells. These obgervations

3

1
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indicate that normal phosphorylation rates of ry (I) are

not necessary for either deposition of newly synthesized

BN

Fq (I) into chromatin or for DNA replication.
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,led environment chamber at 450 ft-c, 16 hr

e MATERIALS AND METHODS

¢

»

A. Plant Material and Growth Conditions

(

Pine seeds (Pinus pinea)' obtained from Arturo

Ansaloﬁi, Bologna, Italy were used as a source of, plant’
material in these’investigations. .The dry seeds were sur-
face:stetilized in dilute Javellwater %er one hour, then
soaked in tap water evernight at room'temperature brior to
planting in flats of fine sterilized send. The seedlings
were tﬁen grown for the desired, length of time in a control-

relatlve humidity at 21°C before the totyledons were har-

vested. In most of the experiments the cotyledons were har-

-8 -
vested after fourteen (14) ddys of germination. At this time

-

. .
_,‘,_EEE_QQ§¥1edons—are—iﬂﬂa~perio of active cell division. There-

fore, it is expected that thlS tissue should yleld adequate
S

' amounts of nuclear Material.™ . , » ‘

B: -Radiagéoe §

In several: experlmente, after 14 daye ge*mlnatlon,
equal batches of seedllngs were removed from the flats and
their seed coats removed. The seedllngs were then placed
between moistened . paper towels and one batch recelved 1 kR
of 260 kVp X~rays (7 ma) at'43 R/min, 0.28 mm aluminum £il-

tration, under maximum backscatter conditions, delivered

from 4 Mller MG 300 X-ray machine. Dose measurements were

av
4

photoperlod 45%
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_ .extraction of nucleohistcne. The cotyledons were fixed over-

-

]

9

performed using a'Victorsen condenser R-meter with 200 R

- L

probe (barometric pressurc and temperature corrected) and
’éas not : v

-

by Fricke chemical dosimetry. The othez batch

irradiated and served as' a control. Both control and irra-

”~ -

diated seedlings were then stored at roo iempe}athre
between the moistened paper tpwéls prior to extraction of

nuclechistone. ' : . . b .

>

Irradiation of purified nuclei was performed in cen= |

¢
Le . e

trifuge tubes on crushed icé ot a dose-rate of 270 R/min

4

Conditions and machine settings were the same as those
RS

L4 “‘
previously described.. T .

A

C. Feulgen Staining of Nuclei ' o 3

Cotyledons from different seedlings were chosen at

random from both irradiated and control populations prior to

night in Carnoy's solution, acetic-acid:absolute ethancl

f1:3), and thgn stored in 60% ethanol. Tﬁe'éthandi was’
M’ . .

removed .and the:cotyledong were hydrolyzed din 1IN HC1l at 60°C
3 & - . a

»
IS

for exactly 7 minutes. The vials containing the cotyledons
‘were cooled. The cotyledons were rinsed twice with dis- 4
tilled water and stained with freshly prepared Feulged

. h ' 4 L

reagent. |The'samples were then stored in the refrigerator

2

overnight. Small amounts of! tissue from single cotyledon

7

tips were tJen squashed in-a drop of 45% acectic acid, moun- '
v ’ . ' .

7

ted on slides and examined with a light microscope.

B
.
2=
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D. Isolation of Plant‘Nuciei )

v

Nuclei were isolated by the method outlined in Fig. 1.

4

In all cases, nuclei were extracted from cotyledons which

v

. 8
had gpen excised, placed in plastic bags and frozen on dry

ice immediately after harvesting. The solidly frozen tissue

was' then ground in an ice-cold mortar and pestle with addi-

tion of some powdered dry icei This facilitated extraction

enetration of the grinding.

of nucleli while allowing r’api

medium into the broken fibres wiiich would otherwise hinder

~

the extraction procedures. .All Operations from extraction
of nuclei to final procurement of histone powder were
cgrried oyt at zero to four degrees centigrade by use of

ice huckets, a walk-in cold rdom, and  vefrigerated centri-

fugas. Approximately 50 to 100 grams fresh weight of tissue
- ’ . . ’

were usad for the extrécpion of nuclei, although in some

A
i

cases, .smaller amounts were used,. “The Frozen, ground tissuis

were placed in a Waring blender along with %ive volumes of

grinding medium which consisted of;. 0.4M sucrose, 0.01M

‘Méclz, 0.01M Tris, 0.025M NaHSéj in double distilled water

and adjusted to pH 8.0 with sodium hydroxide. Stock solu-

tions of grinding medium were kept at concentrations five

* times that desired in all constituelits except NaHSb3.~ This
? . .

I

unstakbkle compouﬂg waé{added just as the stock solution was

-~

- diluted before use. Sodium bisulphite was added to inhibit

proteolysislz?. Sucrose in the grinding medium served to

~

A

i



included to 'stabilize the huclear membrane. « The tissue was .

provide a slightly hypertonic solution to insure, that nuclei

would not burst due to osmotic shock. Magnesium ions were

- ]

[
‘

alloWeé to stand in the grinding médium for one hour to allow

the infusion of the magnesium ions ln order to stabilize the
nuclei.. The tissue was then Qrpuhd for one\and a half minutes

at maximum speed in a Wariné blender to break the cells and
release - the nhelei. The brei resultlng from the grlndlng e
was then filtered through four layers of cheese—cloth,'ahd
the residue was ground in the grfhdlng medium once more to
increase the yield of nuclei. The comblned flltrates were N
then filtered throuqh a series of Nltex &?ober, Ernst and
Traber, Inc., Elmsford, N. Y ) nylon meshes in the following
order: 375 M, 100 ¥, 25 U, and 10 H. In order to facilitate'

the filtering of the nﬁclei‘thfough the last two screens, suc-

. tion was used. This process effectively removed all larger cell

fragments and whole cells so that only intact nuclei and smal-
ler material were able to pass threuéh the 10 ¢ mesh filter.
The flltrates were then’ centrifuged at 500X g at 4°C for ten min.

The pellets, after centrifugation, contained nuclei, starch

' grains, chloroplastv cell wall material rand membranes, but no

whole cells. The pellets were then further purified by resuspen—
sion in a washlng medlum consisting of 0 25M sucrose, 0.01M
MgClZ, 0.01M Tris, 0. 025M NaHSO3, 1% (v/v) Tflton X-100,

using double distilled water_and adjusted to pH 8.0 with

s . R .
4 .
. : 4 ’

14



sodium hydroxide.  Stock solutions of washing medium were

stored at five times the concentration of all constituents

R ]

A}

except the sodium bisulphite which was addecd just before .use.

Triton X-100 is a detergent used to solubilizethe chlorOplast

L)

membranes. Two washes in this medium was found to be suf-

1Y

ficient to remove all of the chloropiasti.

obtained after céﬁtiifugation at 500 X g for iO min were re-

-

The pellets

suspended in the washing medium and cenérifﬁged as .before.

After the second washing the nuclear pellet was relatively

pure, but contained some contamination in the form of starch

- | ]

grains, membrane and cell wall material.

® . -
The starch ‘grains are of no consequénce as a con-

taminant but the pellets may contain basic proteins of cell

. - \ .
mem¥ranes with attached ribosomes which must be separated

from the nuclei. This separation was accomplished by cehtri—

fuging the nuclei and starch grains through a'sugrose solu~

. € . : .
tion gonsisting of: 2.3M sucrose, density gradient'grade
..
,(11bonucleas¢~free) 0. OlM MgClz, 0.01M Tris, 0x025M NaHSO3,
13 (v/v) Trlton X- 100 using double distilled water and

adjusted to pH 8.0 with sodium hydroxide.

~ The* nuclear pellet afferﬁihe second washing wae'homo—
genized in a 2.3M sucrose using a Potte&-Elvehjem glass énd
teflon homogenizer. The resulting euspen§ion which was now
aéproximately 2.2& in sucrose was theh ldyered.on top of the

2.3M sucrose in.centrifuge tubes. The interface between the

4
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.-
two suc¢rose solutions was disturbed slightly, so that the

Py

sedimenting nuclei were not prevented from moving by surfacé

tension. Ultra-centrifugation was performed in & MSE S§-75°

. \ 3 . .
ultra-centrifuge using a 3 X 23-ml aluminum swing-out rotor

L]

for 2 1/2 hours at 4°C with' a maximum centrifugal forqg of
60,000 X g.After completion of the g¢entrifugation, only
‘nuclei and starch grains, were left in the péllet.' The mem- -~

branes and cell membrane material with attached ribosomes .
v

were deéanted with the supernatant. The nuclei resulting

.
-

from these procedures were then used- to obtain chromatin,

nucleochistone and histones.

.E. Preparation of Chromatin, Nucleohistone and Histones

. 4

-

Chromatin was obt;ined from the nuclei as outlined
.in Fig. 2. The nuclei after sedimentatiép through sucrose -
were sepafated from the lower layer ofvstarch éraihs. The
.nuclei were then ruptgred with 3-4 strokes of a Dounce
'.looée—fitting ball glass_homoéehizer in a 0.02M solution of
ethylenediaminetetraacetate (EDTA) containing 0,025M NaH304
adjusted to pH'B.O vith sodium hydroxide. EDTA chelates -
mégnesium‘making nGclei more susseptible. to rupture through“
osmotic'shock. The suspension of‘ruptured'puclei-was then
centfifuged'at 20,000 i'g at 5°C-for ten min. The peliets
were" then resuspended in theVEDTA solution and the centgi-

fugation repeated. During this procedure theapellits became

compact and sticky. The pellets Jg?e then genfly hombgeqized

. . \

H

e



- viscous, and forms a gel. Starch dgrains were easily separa-

¢ 3 .
in cold doubled glass-distilled water at neutral pH and cen-

L : / -
trifuged at 203,000 X g for ten min at 5°C. |The pellet was
then resuspended in-distilled water and the ceﬁtrifugation

repeated. This procedure of washiné the pe#let §f‘fuptured‘

R \

ﬁhclej twice with water greduces the ionic strength end‘

molecular binding forces of the chromosome material. The

-

. . i
formerly .cofppact, sticky pellet becomes.highiy expanded, -
) - , € ' ,

w9

\l

ted from tHe gel at this stage. v ﬁ

The gel was elidwed to swell in double distilled ;e

water owernight, and the chromatin was then shéared for 1 1/2.

. . . . Vo - .
min at maximum speed at 4°C in a semi-micro head of a Waring,

blehder. Nuclear membrane material containing protein,
]

attached ribosomal partlcles,\llplds and so ewDNA were .
/ 8
¥ \

removed by centrlfugatlon. The supernatant resultlng after
shear:ng and centrlfuglng contained the soluBle nucleohls-‘

tone and was saved for further analysis.- o
e ' - '

pertions.' One half was retained for extraction of lhistones

and acidic proteins. The/pther half was used for ilsolation

of DNA and RNA. ,

(3

. Histones weré extracted from nucleohistone bf making

the nucicohlstone Q.ﬁN 1n HZSO as OUtllﬂEd 1\\519 3, with

4
addrtlon of an equal volume of 0.8N stoa. Thg{&esulting

solution was stirred for'.3:hours at 5°C. At this concentra-

e
a . .
- B .

. <

The soluble nucleohistone was then divided)|into equal




o s
tion of acid the histones are dissdciated from the hnucleic

. 4
acide and acidic protein deaving the histones sulphates in

: _ 0 ' .
solution. The histones were collected by centrifugation at

Rl »
.

5 C at 20,000 Xg for 10 Win. The supernatant containing
‘%

the histone sulphates was then dlalyzed overnight agalnst
95% ethanol. The next day the histone precipitate was
collected by centrifugation akt 5°C at 20,000 X g for ten min.

. , D
The pellets were then dried after centrifugdtion in’écetéhe
-

2 times and stored frozen pridr to analysis. The precipita-

“

ted DNA-acidic protein complex was mixed with 5 ml of O,SN‘
perchloric acid at 90°C for ten min. ThevDNA was then -~ .
0 . .
removed by centrifugation at 20,008 X g for, ten min. The
precipitate (acidic protein) tvas then centrifugee twice ip
acetone, dried, and stofed frozen. frotein(present in.the _
. .
acidic protein and hietone fractions was then determined by

the method of Lowry et g;.106.

y. . . -

! -

F. Fractionation of Nucleohistone by -the Schmidf-Tannhauser

Method into DNA and BNA o
. . A

. The fractionation proce®dure to obtain DNA and RNA

from the nucleohistone is outlined in Fig. 4. Nucleohistone
soiution was added to an equal volﬁme of 10% v/v trichloro-

[

acetic acid (TCA) and,was left to stand 20,min on ice. The

‘ macromolecules precipitated by this procedure were then

collected by centrlfugatlon for 10 min at 1,800 b4 g. The

pellet was then afheg once by centrifugation with .

SRR

‘et * . ~?

N\
G

»




P

-

" petroleum ether (40 60°C) to remove llpLa material. The p

°

pellet#wgs then s?spended ln 2 ml bf 0. .3N KOH and. 1nCubated L

.i at 37°C for two hours in order to hydrolyze ‘the RNA.'_ After

4qbatlon the sample was then cooled on ice., 4One ml of 1N

1) ! A\. : -
'

PCA Jwas. agded to acidify the sample. ’ At pH"“ .0 the DNA pre- ﬂs
M

01pltatesﬁhnxnsobutlon. RNA was th@n collected as the super— ' «
/
natant arter centrllugatlon for 10" min at 1,800 X g. The
€ b L]

precup tate waf then washed with l ml 1IN PCA by centrlfuga— |
t&on, thé\supernatant belng added to the RNA sample. The

pellet was then wajhed twice Oy~ ceﬁ%rlfugatlon with 10% TCA

- -\,
to remove impurities from the Dyh pellet. Theé washes were

)

N s '

~disvarded. The RNA sample was then neutrall7ed Wlth lN KOH S

S .5 !
and left in the cold overnlght'to ensure maximum precipita-

tion oﬁ:the potassium perchlorate $alts. The -DNA-protein | A -
- Y ' ! * - )
pellet was then-suspended in 2 ml-0.5N PCA and hydroly&ed

at 90°C for ten min. Soluble polynucleatldeg form which

o N
ﬁ?legwe the .protein as a re51due. After coolingyg, the super— .
¥ R RS . acf”'
- natant was collected for analysis of DNA. The residue con-

.
r . , . - K

taining the acidic protein was. discarded -after ceqtrifugation.
' The supernatant contalnlng the hydrolyzed DNA was then neu- .

tralized w1th?KdH and left to stand SVernlght in-‘the cold.
 E ¢ * . . " - . R B
G.. - Physic‘:al Analyses . R , ' ‘

,.‘ - o L ‘

(1) Ultrav1olet‘Absorpt10n Analysig of NucleohiétOne .
«7 ¢
s The-absorptlon spectra of eoluble nucleohlstone was

v ) . v
L ° .
- ) . < . . [-3 . - '
B ' .. .



‘possess OD - ra?gos 260/24¢'and 260/280, of 1.3-1.4 and ‘ N

‘1.641.7 respe

‘denaturatlon of nucleohistone describ®d by .Bonner et al.™ ",

‘o - 47

determined from 325 nm to 230 nm with a Unlcam SP 800 record— .

ing pectrophotometer; Typical spectra are 1llustrated in®

"Fig.lo0 and 11. The ultravxolet (UV)—absorptlon characterls- -

tics of soluble nucleohistone of purlfled materlal should
é

hively. In additicn, the absorption at 320 nm
should be close to zero. If not, then the material is most

probably contaminated with ribosomal RNA or prdteins 6;

[

bofh.
(%i) Thermal Denaturation . —

Irrever51ble melting as a measure of the thermal

re”

19
was carciéd out using a Bausch-Lomb 700 Spectrophotometer or

a Unicam- SP 800 Recording Speotrometer at eéither fixed wave-~’
- , : - .

length or using fast sean in the UV-absorption region. The

g f hd ' ) ‘ AT e L - A : - v -

sample to be analyzed was first diluted to a standard OD at -

4 : -,
260 nm, and ‘then heated in a closed vessel on an open watex

— . P o

bath. éTemperatﬁre was kept constant to within one degree

for five minutes, aﬁter which the.samﬁle Qas cooled to room

temperature and the optical absorbance determihed at 260 nm;
The sample was then heated at the next température, selected
at 5 degree 1ntervals, cooled'EHH“*E§“‘abscrbaﬂee read untll‘

a seriesg’ of readings @ere Sptaxped throughout the tempera— -t

ture range studx{a. To eagculate the mldp01nt of the ther—

»

- mal denaturation curve,)readings at various temperatures °



~° ———— T

were divided by the readlng at room temperature (25°C).

One-half the dlfFerence of the value at the hlghe t tempera- -

‘ture minus the lowest value: y:elds the\mldp01nt oY T In

some cases, Table3 and Fig. 11, optical absorbance increases due

to turbldlty-were corrected by extrapolatlon of the semi-
log plots of the absovption at wavelengthq beyond 320 nm,
i.e.,340, 350, 3%0Jnm, te 260 nmuand subtracting the values

obtained fromuthe absorbance mcasured at 260 nm.

(iii) Viscosity Determinations . R
Since irradiatien-is known to affect the viscosity

of double-stranded mucleohistoné.and:DNA82’138’158, vis—

cosity of nucleohistone isolated from irradiated nuclei was -

measured and compared to- that of their*own controls. In all

experiments, samples of nucleochistone were adjusted to a

4~\}standard abzorbance dt 260 nm and determined immediately

~

after shearing. Relative viscosities were detérmined at ZSQC.
ﬁsing double distilled water as a reference solvent with an -
Ostﬂaid viscometer. Four or five measurements of the flow
rate were taken ffom which the average was déterminéd. Rélﬁr
tive ;igcoéity is defined as the ratio of the aberage flow -

time of nucleohistone solution to the flow time of distilled

L . -
o

water. c ~



" (\ . ’ ., -
‘of calf thymus histone were.used for the determination of

minutes in the cold (5°C) after?whlch their optical

H. Quantjtative Analyses

(i) Determination of Protein
Acidic protein was dissolved in 1N NaOH. Histones -

were dissolved in a solution of 15% sucrose in 0.9N acetic

.'acia or 1N HCl. Two ml of'Lowry recagent was added to 0.4 ml

of protein solution in 1IN NaOH. Lowry reagent consists of
25 ml of solution A and 0.5 ml of solution B. This:mixture
is highly unstable and must be ueed immediatedy. Soluticn A

wa® prepared by making up 4 g Na2C03 in 200 ml 0.1N NaOH. ‘
Solution B was prepared By addition of 0.25 g CuSO'-SH o)
and 0.50 g sodium potassium taﬁtardte to a final volume of
50 ml. The pH was adjusted to 6 by addltJon of NaOH. The
sampleé were mixed and allowed to stand atrroom temperature
for’ 10 min before addition of 0. 2 mI of Folln—Clocalteu
reagent. The samples were then mixed well and’ allowed to
react for 30 min at room temperature. Optical density vas
reaa at 750 nm using a Bauseh-Lomb Spectronic 706 spectro-
photometer. Stendard curves of bevine serum albumin (frac-
tion 5) were prepared each time and &sed to calctlate amounts
of acidic pretein,present. In some cases standard curves

histone protein. Histone protein was also determined by

)

the turbidity‘methqd Two-ml ' samples were prec1p1tated Y.

Y
w1th an equlvalent amount of cold 2.2M TCA, left twenty

. S W U
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absorbance was read at 400 nm. Amounts of protein present

were calculated from a standard curve prepared from calf

-]

thymus. histone.
(ii) Determination of Nucleic Acids

DNA and RNA wereOdeterﬁined'both from Uv-absorbance’®
and by colour tests. DNA was measured‘by the diphenylamine

(R4

method of Burton?8 and RNA by the orcinol method of Ogur
and Rosenlls. Tola one-ml sample of DNA, ?‘ml of diphenyl-
amine reagent wae added. The samgiee and s@andards were |
then'incubated overnigﬁt at 37°C aﬁd their absorbance

RS

- ébmeaéured at 600 nm. Standard curves of DNA were‘pfepared :
- U . -
each time and the amounts of DNA present in each sample was

read'from the standa?d curve.: The éiphenylamine reagént was
prepared by addltlon'of 0.25 ml solution.B to 50 ml soiutién

A. Solutlon A is 0.75 g of dippenylamine and 0.75 ml sto4
added to '50 ml glac1al acetlc acid. Solution B consists of .~
0.2 ml acetaldehyde in 10 ml double distilled wate; and must

be prepared in the cold using a cold pipette.

" To;determine RNA, 3 ml aliquots of the RNA solution’
were‘coﬁbined with 6 ml of ecié reagent and‘0.4 ml ofcinol—
alcohol solueiop. ‘The acid reagent containg.2 ml 10% FeCl3
~6H20'in 400 ml concentrated HCl. The ofcinol-alcoho%~so}u-

tion. is 6% orcinol 1n 95%, ethanol and st:be preﬁared-‘

© freshly each time. The aolutlon »f ribonucleotides and



.

orcinol reagent'was stoppered prior to incubation on a
boi{}ng water bath for 20 min. The éaﬁples were then
cooled and their absorbance determined at 600 nm. The

* . } i
:amount\éf RNA in each sample was‘caléulatgd/by comparison
to }ts own standard cutve using yeast RNA-saﬁ;les as refe-~
rence standards which were treated ;ﬁ the same manner as

n €

the samples. . ( v
. .

I. Acrylamide Gel Electrophoresis of Histones
(i) Preparation Of Glass Tubes e y Oy

Polyacrylamide gels were polymerized in‘glass tubes
cf 6 mm internal diameter and 10 cm in length. Bgfore use,
the glass tubes were cleaned with acid, rinsed with tap

water, followed by washing in double distilleé water and aq’-

'utone. The tubes were then dried at 75°C.' To fa0111tate the

removal of the polyacrylamlde gels the gl&ss tubes were

coated with dlchlorodlmethyls1lane by dlpplng then in a 1%

(v/v) solution of dichlorodimethylsilane in benzene.
(ii) Preparation of Acrylamide Stock Solutions

Approximately enough acrylamide was diésolvgd in
double distilled water by heatiné and'stirring to yield a

708 (w/v) solution. Yellow impurities in the resulting :

solution were removed by stirring in activated charcoal.

i

The slurry was allowed to stand for several minutes,before.

] R .

-

. .
Y .
. -
- ' . . .
“
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suction filtration on'a Buchner filtér.' The filtrate was
then used.to prepare an acrylamidé stock.solution which is .
60% (Q/v) acrylamide and 0.4% .(w/v) bisacrylamide. IR
ﬁ,N}N'VN{Jtetrametﬁyiethylenediamine'(Temed) was used to

speed the polymerization reaction. ‘The Temed stock solution
‘1‘"

was 4% (v/v)-* Temed and 43.2% (v/v) acetic acid. The initia-"

tor of the polymerization reaction is ammonium Rérsulphate

which was added to a 4M urea stock solution just before use
» , N “

L 4

at' a concgntration of 0.2% (w/v). .

@\
-
~

(1ii) Pféparation of giﬁyacnylamide Gels

To make 12 7-cm ggis'of final concentration 15%

acrylamide, 0.1% biéacrylamide and 2.5M ured, the stock

sdlutions described above were added together in proportion

v

of 4 ml acrylamide stock, 2 ml Teméd stock, and 10 ml 0.2%

-

ammonium‘persulphate:, The final mixture was then degassed

using a tap aspirator. 'Onefml of the mixture was then fran$~

’ferredfinto the glass tubes which wefe wrapped with parafilm

- /
at one end.': A rack was used to maintain the gel tube$ in an

erect Position. . After addition of the acrylamide solution,
o B ¢

T

0.5 ml of cold acetic:acid solution was added to the top of
. ° /\ :
each tube. The.addition of acetic acid eliminates the

meniscus Of the acrylamide and ensures a flat top on the

: \\\\\?els which is necessary for the attainment of straight bands
¥

%g the final eLéctrophorqgrams. Polymerization was usually -

T
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completed 45 min after addition of the acrylamide to the

tubes. ’ ’ . - |
The ammonium persulphate and Temed were then removed

from the gels by electrophoresis in 0.9N acetlc a01d. A

constant direct current of 130 volts was applied to the gels

-for 11/2 ‘hours from a Buchler Instruments model 3-1014 A

&
power supply. ‘Negative polarity was used, that is, the

cathode in the lowerrchamber’and the anode in the upwer
ohamber of. the elecorophoresig apéératus. °Benzene—oZ:tE¥\
naphthylamine dye was layered on top of one of the gels.

to ascertéin‘when pre-electrophoresis was’' finished. At

pH 2.4 the dye possesses a sjngle‘charge and because it is
of relatlvely hlgh molecular welght all of the Temed and
persulphate are removed by the time the dye has moved out’of
the gel. Slnce the .gels heat. sllghtly durlng the pre-
electrophore81s step, the powf supply should be turned off
for' 1/2 hour before actual electrophore51s. If the hlstones

I
are layered on 1mmed1ate1y, curved bands may result.

Bubbles whlch form at the bottom of the. gels should also be-

shaken off in order to ensure,sféa;ght bands.

.

(iv) Application of Histone fLo the Gels and Electro~

phoresis

Hiétone§ were prepared for electrophoresis by-

dissolving im 15% sucrosé in 0.9N acetic.acid. The sucrose

1] - -

¢
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is more dense than the acetic acid in the electrophoresis ™

apparatus ensuring that the histones will stay on top of the

gel. The Hlstones were layered on top of the gels using a

micropipet with an attached rubber tube and bulb. The low

pH of the buffer ensures that the histones and not acidic or

sdluble protgins will migrate to.the cathode. Of¥Fimal con-

centrations of histone for.electrophoresis were fqynd to be

1 mg/ml of which ohly 30 ug nee% be .applied fcr accurate

;nalysis. ¥ '
After the histone'solutions had been appl?cd,'elec—

t:ophoresis was started at once. As before, negative

polarity was applied-at a constant voltage of‘l30 volts for
i ) '

1 1/2 hours. This time period was found to provide an

' adequate separation of all major histone bands pregent on

the 7-cm gel§. ' - ) {'

(v)'Removal of the Gels from the Tubes, Staining and
. * Ve

' . Pd
- Destaining ¢

1

-

r

At ﬁhe termination of electfophoresis, the-gels'were‘

7 . 3
removed from the glass tubes. The gels were flrst loooened by |

Al

sliding a stainless steel wire or a blunt 20 guage syrlnge
needle beLween the gel‘and the glass.wall. A slight water

flow through the needle was applied to ensure an adequate

e

' preésure on the gel. The pressure on the gel forces the

gel out of the tube. The gels were stained overnight in a



and maximum amperage applied. The gels were then fed c

™y -

P

solution consisting of 0.1% (w/v) amido black, 7 % (w/v)
acetic acid and 20% ethanol. Amido black binds to the pro-
tein and precipitates the complex so that neither the stain

nor the protein can be removed by électrophoresis or diffu-

\ 1
sion. Excess stain was removed from the gels using a Meta-

\ -
loglass destaining apparatus with 7% \acetic acid as buffer

t)
4

int&'élass tubes and scanned at visible wavelength.

o

(vi) Analysis of Electrophoregrams
‘ L]

'

¢ In order to determine the relative concentrations of
histone protein present in each of the, bands, the gels were.
scanned in an Instrumentation Specialities Co. Inc. %({ISCO)

’
model 659 gel-scanner with an ISCO type 5,optical unit con-

UA—Q“Absorbance

t

taiﬁing a 579 nm filter. An ISCO model

Q

Monitor connected to a Bausch~Lomb VOM5 chart regorder was
used to record the absprgaﬁce readings.

Ag-has been sgbwn_by‘Bonner and co—wofkers48: the.'
Staining'éf histone by amido black, as measured ¥ absor-
Ibancebat 60Q nm, is directly proportional to the amount of
hisﬁpﬁe up to a cbncentratipn of'10 Hg per bénd. Thus the
area under the curve of the tracing ;s direc;ly propor—‘-
tional to tﬁe amount of histone in that band.

) ot



The arxea under each curve of the tracing coxrwvespon-
ding to individual histo;'le banc}s was calculated by use of| a
planimeter and when expressed as per cent of the area under
all curves corresponds “to the percentage of histone present

in each fraction. ’ -

J. Radicactive Labelling Procedures

Equal amounts of nuclei were layered on each of \

!

. . | . .
three 2.3M sucrose gradients. ®he nuclei after ultracentri-

fugation and irradiation were suspended in 5 ml of .incuba-
. ¥

tion bu_ffer (see Fig. 5). The media used in each of the

4

v.;arlous studles are descrlbed in Table 1. Equal amounts of
radioactive substrates were added and the samples Jncubated
on a shaker at 37°C. After incubation, the nucle_i were
cooled. to 5°C. One-tenth of the nuclear suspension was

Laken to determine the amount of ihcorporation of label into

v
. »

nuclei. When radiqactive ATP was used as substrate, the
aliguots contain’ing' the nuclear material were first treated
with 1/2 volume of 0.2M sodium pyrophosphate, pH 7.4 to re-
move édsorbed ?uacleotidés before 'precipitaf:ion by addition o
of 1/2 or:.glnal volume 3M PCA. 1In acei:ylation, and methyla- »
tion experiménts the nuclear material was prec1p1tat?’ci_vilth ,
10% TCA and hydrolyzed at 90.°C(f'or 10 min. The nuclear
ins?luble mai:eriél was then collected by centrifugation at

1,800 X g for 10 min. The pellets were then incubated

-4

D




¢

in ! ml Protosol 55°C overnight. From the counts in the .
nuclear insoluble material, total nuclear incorporation was -
calculated. The rest of, the nuclear suspension was centri- *
fuged at 20,000 X g for 20 min. The nucléi were resuspended o
two more times in the incubation buffer £o remove adsorbed \ .

32 !

label ?d then centrifuged at 20,000 X g for 10 min. Nuclear
ions labelled with AT "P were washed tx;vice with

suspen
2.5 mM of 'cold' ATP added to the wa:shing medium. The 'cqgld'
ATP was added to ensure the physiological integrity of the

nuclei while at the same time remo‘vihg any loosely bound

radioactive ATP. The nuclei were then extracted for nucleo-

. ) 4
histone by methods already described.

(i) Ligquid Scintillation Counting Prdcedures

Samples to be counted were placed in 15 ml scintil-
. 4 ) . ) .
- lator fluor (4 g PPO and 100 mg POPOP mad¢ up to 1 liter with -

toluene) with 2 ml absolute ethanol added in order to solu-

>

bilize aqueous samples. The samples were then counted in a

refrigerated Nuclear Chicago Unilux 11 scintillation spec-
lv‘

‘trometer at optimal counting set_tings determined for each

. ) ’
isotope. Efficiency was determined by ci\annels ratio and
all count rates were converted to disintegrations per

o

minutle‘ (dpm) .



(1i) Gel Counting Procedures

Histones present in the gel after electrophoresis
rd & - §
were‘localﬁd by the. usual staining précedures. The indivi-,

dual histone bands were cut from the gel with a.razor blade
into liquid scintillation vials. The fractions were diges-

A,

tea at 55°C in a solution of-Protosol:toluene:water (9:10:1)
for three hours. The fractions were then frozen prior to

counting. This operation induced swelling of the acryla-

:

mide gel and allows the scintillator to penetrate the gel.
'Fractions were then counted at 5ptimal settings using
"stgndard scintillator fluor wiﬁhout_ethanol-added, In some
cases, internal standardization was performed in order to
reduge errors in éfficiency determifiation.

The amounts of~individu$l histone sub-fractions
‘kTable IX) were calculated fFom the areas_gnder each of

the curves of the electrophoregram. The degree of bindiﬁ%

of amido black ‘to histone prq;einiis proportional to the

amount of protein in the band (Methods I (vi)), allowing

o

expression of the amount of histone present in each band

as-a percent of the total histone, reported as'histone (%)

' ¥ * N
from which the amount of each histonq subfraction in ug can
be calculated. Count rates from each of the gel slices of

individual histones determined the amount of “radiocactivity
" - .
present in each .histone ,sub-fraction and is expressed as

o -~

y
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a E‘ 3 ' .’ 3 [ .
dpm. Total histone count rates were calculatied by addition
* . - '
of all sub-fractions. Specific activities were calculated
from the dpm's present in each fraction and reported as
N -3 . -
) dpm/mg X 10 ~. . - ‘
' ) a ; . -
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Figure 2:. Isolation of chromatin ﬁ&om nuclei
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Figure 3: Isolation of histone from chromatin
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Figure 4: Extractlon of DNA and RNA by the Schmldt -Tannhauser

procedure
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Figure 5: Isotope incubation procedure ‘
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okt Table I: . Conditions for Radioactive Labelling of Nuclei _ ,

« .\\. . - - !\
_ Experiment R Labelled Substrate Incubation Buffer Reference -

ﬁv Phosphorylation Adenosine 5'-triphosphate, 0.25M Sucrose " Rickwood mm.Wwaw _
’ tetra Amnwmﬁwwmssoswcav 0.10M Tris- HC1l -

. salt [y32P] 150 uCi < pH 8.0 & S

<. Specific Activity 6 Ci/mM ~0.01M MgCl, . o

+

E Acetylation and
- ; phosphorylation

Sodium wdmﬁmﬁmqﬁwLHpnu..

0.025M NaCl

200 ml 0.1M Sodium Vidali et mw,pmm\\\ .

80 uCi . "phosphate buffer
Specific Activity PH 6.0 Kleinsmith and -
60 mCi/mM . 0.25M Sucrose \ wwwmwmwmm
| KH, 32P04 150 ucCi. 160 ml 0.1M Glucose . -
, carrier~free « 4 mM NaCl . . )
— : > 25 mM MgCly- 4Hp0 - _
and -/ - IGJW\\\
N . R 40 ml distilled water . w
ZWWSmHmwwou S~adensogyl-L-methionine 12.5M KCL Comb et Wme -
[methyl-3H] 80 uCi 12.5M Tris pH 8.0
Specific Activity - 0.5M MgCl, | . ) PR
7 mCi/mM M1.0M 2-Mercapto- . .
: mm“wuow v i .
P \ S co c - w
# o . ‘ . s -
_
. o 4
. = ' j - i
(e~ - ‘ ™ . .
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RESUILTS AND DISCUSSION

1. Composition of Chromatin : . ‘ )

[~4

Plant cells are surrounded by cellulose cell walls and

'rn
e

thus plant material does not ea51ly lend itself to nuclear

-isolation by tbe methods that have been traditionally

LS

applled to animal tlssqef. Several methods, prev10usly
found to be suitable for the isolation of nucleohistone
and hlstones from plant tlsoues, were employed before a

’ o

reproducible method was found to extract nucleohlstone from

the cotyledons of Pinus pinea. Chemical extrdctlon byﬂthe
metood of Johns and Butler79 using ac1d1f}ed solvent eétrac-
tion reeulted in histone fraotions heavily contaminated with
c?toplasmicgbasic profein. The source of the contemination
was'likely f rom elkaline-fest ggeen staining basié.protein
bodies in the oytoplasm. The amounts of bhasic protein wete
greatest "at eafiy stages of g;,hination decreasipg at'later
stages{‘%ndicating tﬁet the protein was a form of‘stored

energy reserves. Undoubtably, extraction of whole cells

containing such large amounts of xytoplasmic basic protein

)

. led to an interference in the ability of the acidified sol-

. . Y - - )
vents to preferentially exXtract only the nuclear basic

material, i.e., histones.' Next, the®method of Fambrough

6 was trlea\* Repeated low—speed:?entrlfugatlon /7

‘1n,sucrose Trls Mgcl2 buffer, of large amoﬁ;ts of blender

’ .
. - . ~



. prepared by gum fa

-evidenced by the i

was obtained in

~ - 67

'Y

homogenates prior to ultracentrifugation through2 M sucrose,

'yielded nuclei which were contamin%ted with large amounts

of ppoteip bodies, chloroplasts, cell 'walls and even wholé
cells. Nucleohistone prepared from these nuclei possessed v
inconsistent spectral parameters~and was not suitable for

further, analysis.

Pure nuclei were obtained from 7 to 15 g of cotyle-

dons extracted by the method of Tautvdas'®?. The metfod
was found to be suitable for the isolation of nuclei at
[
viry early stages of development. Nuclei were first : ﬂs
P

ste d in a 4.5% solution of gum arabic overnight prior to

homogenizatiog in the same ﬁedium and sequential filtrdtiog '
through 375,t100,’§5, and 10yu nyion mesh (Ni£ex). The h %
nuclei were Ehen ‘centrifuged at low speed in°a discontinuous g .
step-gradient'gfagum arabic solutions. DMNuclei prepared by.
this method Qére éxamihed with a phase contrast light
micq@scopé aﬂd found to be completely free of wholé cells,
a prerequisite fof\the isolation of éure nucleohistone from
détyledons of this speciést Nucleohistone,‘offnuclei . .,

“ic discontinuo?s step~-centrifugation, o ]

a

yields’, with protein contamination as

onsistent absorption spectra and results
' by . )
of analyses of DNA, RNA, acidic protein and histone contegﬁ.

For these reasons, results of experiments which employed

this method to isolate the nucieohistone were not presented

o

LY



. ) .
- . . . & )

in the thesis. These preliminary experiments did point out

/
" the necessity of -using Nitex screens to isolate pure nucleir.

!
to prevent whole cell contamination and of using protective

N enzyme inhibitors in the extraction media in order £5 obtain

histone protein fractions without baéic protein contamination.
t _ The method described by SpikerlGO, modified to

include filtration’of the homogenates through Nitex fil-

ters, yielded nuclei free of whole cells, chloroplasts,

or proﬁein contaminants. The method used was found to be

rapid, allowing isolation of nuclei from 35 - 3% g of coty-.

A

ledons, dependfﬁg on the\stag? Qf developmént when extrac-
ted. Typically, 15 mg of nucleohistone from 4,800 cdtyle-
//fdons at day 14 Qas found to contain 6 mg DNA, 0.4 mg RNA,
1.5 mg acidic protein and 4.5 mg histone. Extraction of
nucleéhiétone from later stages of éérmiﬁa&ioﬁ‘required
more wééhes of the nuc%ear pellets in order to remove
chloégplast—pgotein cont;mination.from the larger differj?f
\\ tiated cells resulting in lower yields of nuclei.’
Presence of lipid in chromatin anq nucleohi;!bne
was not measured but inferred to be present from observa-
_tiohs of the persistence of lipid solubléfé?lofophyll,
even after Yepeated washes with égueous solvents. Shearing
oﬁ.ﬁhe chromatin in &fder to produce nuclechistone resul-
ted in separation og

floccﬁlent material which foamed

“ ‘- "\ . . .
‘} to the surface of e yater. The relative amourits of DNA,

N

n
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Table II: Composition of Nucleohistone of Pinus pinea

Isolated at Different Stages of Germination.

. ( )
r .Q
v " ’ ‘ ‘
Day - ‘DNA RNA ™ Acidic Protei{ Histone
14 1.00  0.11 # 0.0} 1 0.30 + o.’ 0.85 £ 0.11
- 4 N —
. 15 1.00 o.{z 0.44 ’ 1.62
e 16 k.00 —0.T4 Q.68 1.50
) A K -
17 1.00 0.12 ' 0.51 .86
19 . 1.00° , 0.54 . .0.44 1.4
o R o N "
; . 22 - 1.00 0.35 0.78 1.73
i / L
A\ ;‘\
- | S
X1s-22 0.26 0.57, 1.63
e N AN
L 5. E 0.08, 0.07 0.08 )
- t 2.28 3.41 5.45 .
\‘\ , *
S~ p <0.05 <0.01 <0.001
_ ' .
A ! )
N _) [E——
. Lan Y
ol -l ' b o
~ i ¢ ’
. \ ~ - .
< N - . I:
- . e v
AN . -
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Table III: Composition of Chromatin Isolated From Various
" .
Tissues.
a ', i - .
’ ‘ Acidic . -
Organism Tissue DNA RNA Protein Histone
' . — < \.\) . )
Pea _Embryonic axis 1.00 0.26 0.29 1.03 |
. |
Pea 4 Vegetative bud 1.00 0.11 0.10 1,30 °
-
Pea ‘ Growing :
, cotyledon “1.00 0.13 0.36 0.76
. . ) s
Barley Leaf ‘ . % .
! (7 dags) - 1.00 0.23 0.56 0.98
N ' . g ,
. , Barley Leaf : 1.00 0.63 0.39 1.03
N (25 days) : N
\"\\ - e o . . ,‘ N
. " :
, e 3 .
v . - 71 ' ”'éqLa -
Hnilica, L.S.<=(1972) The Structure and Biolggibal Functions
\ . of Histones, p. 100.
‘ . ] . r
) odem ' S -
~ / h
. . \
0 h f %
3
. _ "4/ —_ TN
. o '
] " ' !
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'other authors

.indicate that the amounts of RNA and protein relative to =

- ' : | 171
— . ) “ ° "}

- ¥

RNA, acidic protein anq histone present in nucleohistone °

extracted from cotyledons at various stages of dEvelopment

-

are presented in Table II. These amounts were found t6 be

characteristic of purified plant chromatin as feported by

19’20’160. A comparison- of the gesulté, Table

IT, with that of chromatin of other tissues, Table III,

shows that the nucleohistone composition of cétyledons at

~

dieh. 14 was very similar to that of growing cotyledons of

‘pea.

A

. ' . ¥ . i L
The composition of chromatin presented in TaBle III

3

. . s . . . . . P
indicates higher amounts of* acidic protein with lower amounts
L v !

of histone are present in growing pea cotyledon compared to
embryonic axis or vegetative bud. The histone of older,”

more differentiated, barley leaf is present in higher amounts

4 . ¢

than in less diffeventiated leaves. The data presented, in

L. o
combination with reports of higher template®activities of

20

nucleohistone of less differentiated tissues , lends.

support to the belief that histones do play a reétrictive
role during differentiation.. A )
The nucleohistone composition of totyledons from -

‘ .

Pinus pinea were examined at different stages .of germina-

tién., Values of the ndeleohistone content Table II

~ o~

/

DNA ¢gampled ét day 15 throﬁgh 22 weye substantiakly greater

than t&ose of day 14 cotylédons. This may be due to

4

\ \ : . . .
differences in mitotic activity betweenithe two populations,

' w- ’
, :
’ * "

kY ~‘ '!-‘ .
,‘ . | N
« , . ¥
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) iince prevj_ously'l?'.g, it had been observed that day 14 coty-
Qg * B . -
S

ledons are. undexgoing cdmpletion’of mitosis, termination of

DNA synthesis and that the maj of délls are entering

an active std®® of cell eldngation apd biosynthesis.

Work of Bonner and cd—workerszo, has indicated that

k4 4

fractionation of chromatin into 'templat§~active' and
"

. -®

'template—-inactive' portions yielded fractions whose his-

tona to DNA rag&o showed‘an invers® correlation with tem-
plate activity, but 'did qft indicate the' extent to whibh
f Y , A

. . . . ‘ - .
histones were involved in gene expression. Chbest inter-~

) * ° -

=4 ]
pretation of. the evidence is that other factors direqﬁ\or
modulate the histone-DNA irteraction to obtain tissue =

specific gene expression. The hign basicity of the histones'

and their probable three dimensional-interac%ion with the

other cﬁqsf&tuents of eukaryotic chromosomes suggests that

v »

'histonés are involved in a comgléx-struetuggfsuch that.the
a Y

conformation of the °protein is ;igidly'aictated in all
oy .
‘regions. Analysis of ¢hromosome structures indicates that
~ 4 . 4

i at»ﬁo time are all ionic groups §f the protein bound to DNA,
[ !

.
1

’ oL L. ' . <
or conversely,\in loose association, even during DNA repli-*

\ ‘
cation, are all ionic groups interacting with water. Fro
SR ’v Y A A

a‘rg

this infoyffatRon histones ﬁEE.QPEFidered to be gener
- . -YA [ e P~ N .
non-specif: fomosémal structurdl proteins which have a -

— SN

. « ‘ . * £
capacity to play.a reversible role.in gene éxpression.
C . . bt
. ' ) . .
- . . '

I - .

¢
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. thla study was undertaken W1th the aim of flndlng whether

- " : i . L} . N ‘ ’ o
A ¢ - | . . [
.\ : ! F- I (NS .

73 - 4
- N 0 . b < ~ .
v . K o
RNA of eehromatin from days 19 to 22 is pixkent in ‘

higher amounts than that from day l4 coty%edone and is simi-
lar in cqntent to that of well dlfferentlated 25- day old
barley leaf and vegetdtive bud of peas found in Table III

At ‘day 14, RNA and protein synthe51s are obsbrved "to occur
at rapid ratesl39p decllning at day 17 coincident with ter-
mination of cel& elongation. High histone tontente in the ‘ N\
;ueleohlstone at day 15 and later may be a result of

decreased act1v1ty of DNA polymerase stlmulatlng ‘differen-

tlatﬁ;p and progressmon into’ G . Hlstone depoiitlon.lnto

~ o~
dlﬁferentxétlon process. Con 1der1ng the,actlv

\ ‘.

. a351gned to histones, the accumulath? of hlstone 1nFon

the chromatin at this tlme may be considered aeﬁi/;t of the .

ole

' -4
I#romatln, antiated at a tlme of cessatlon oﬂ m1t031s aa . ‘ ' :
$ . & 4
DNA synthesis, may 'be serv1ng to consolidate thé’?ﬁ?ﬁtfﬁre L
1 e, , Y . s . ~
of tfic now replicatéd chromosomes as wéll as regulating syn- '

°
o~

p t&e51s of macromolecules needed for dlfferentxation. ln-

1 PEY

creases of RNA and ac1d1q proteln in chromatlgnat this time .

would also geem to reflect -tissue speciflc aUgmentatlon of _ ,;NP
.;.. )

gené act1v1ty after day 15 of germlnatlon. .

] oo 1 (h,\
Prlor worrxln thls spec;es hasg 1ndlcated that RNA‘

M

synthe51s, cekl expans1on and progreék through the cell cycle - O

were delayed follow1ng X-lrradlatlon. Wlth this knowledge, s T 8

)

x~155adiatlon modlfes\tho physxqel 1nteractlons of the f )
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~

‘occurred. In addition, the melting pglnt and v1scpsr%y of .

éo.affect tﬁese1parame£ers.

xnucleoh;stone»was examlned Q see whether X~ rays 1nduced° (J'J

fyhistonesito DNA. Acrylamlde gel electrophores s was used :

]

“to’ ascertaln whegher phy31cal chemlcal alterat;pns hatl

- -
v . A

¢ .o - - 4 : e . .
“npcleohistone were Ydetermdned . sinee X-rays have been shown =

. t . N Co ‘-‘3” . . !
The’ chemlgal;cémposrtlon'of S
\ v

<

-the lgss of spec1flc components Varlous aspects of hls~
'y
tone metabollsm were studied 1n response to X- radratlon

EER -

whlch m;ght be related to inhibition of ce&i d1V1s10n an& o

-

altered\progre5810n of ceLls thrOUgh the fell cycle. - .
LN ° ’ .
Cohsequently) histohes were'isolated from purified
‘ ‘ﬁ' r
nuclei and characterl?ed by acrylamlde gel kelectrophoresis,

Slnce this 1is the flrst report bf purlflcatlon of histonés
A . ~ ~ Ny f ‘

" Trom plne or auy other gymnosperm, the pattgqrn of hlstone

'y 4 [
fractionatlon will be consfaered in some detall before P R

B

N N .
v N

'{.effects of,lrradlat1Qﬁ areldlsgussed. 7 ) ) #
4 . e ¢ > . .

e - .
A s 12 .

‘

. ’ . A PRV ) .
2. ~ Characterizatjon of Histgnes - : . : ) «\
. & . 7. " v . Y . "N
o < » '
46,71,}14,160

fForQEtl species so far examined the »

« 4 ‘

°

. moderately &tglnlne rlcQ_szl (IV) hlstone has been found ' T

ba posggss a congtant moblllty upon. electroppores1s on 15% v
aé&ylamlde 2.5M aq’é gels. Therefore, ;s 1nd1cated in {/% ~ .
Flg' 6 to "9, the hlstone F ,al (IV), band 8, was allgnedg”*
sﬁé£ that. each has‘an 1dent1cal moblllty " r. v .J‘



E‘i'%'ui:e 6: Electrophoregrams of phosphorylated histones.
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Figure 7: In.vitro irradiated nucleohistone and histone.

\\\_4 The source of irradiated histone-anhd nucleo-
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A. Nonbirradiate?'ﬁucleohistone. ' -
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Figure 8: Electrophoregrams of acetylated and methylated

t

histones. The source of

7

acetylated histone

{(Band C) and methylatwstone D-F is the 'samef

as described in Table VII.

<

.
» ’ 3
hd -
.
L) . !
N Ta a
s - .
- .
. - ¥ o'

] ‘ )

A. eDFtreated nuclei.

é%. Non-irradiated nuclei i‘ncubated, with 14C;-aceta.te.

C. Nuclei exposed to 1 kR prior .to

incubated

D. Non-irradiated nuclei
- o .

methionine (methyl—3H) .
E. Nuclei exposed to 1 kR prior to
' 1

F. Nucleiyexposed to 5 kR'prior to

1
- . &

o

<

incubation with label.

,g;ritf})s~adéxwosyl—L—/.
w . L
- ! \3 - - A}

¢ & 6“4, 1 )
incubation with '.Lgbel. )

incubation with ilabel.
. / »
. ]

2
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Figure 9: Blectrophoregrams of phosphorylamed hlstones.

t
The nuclei A-C are from exoerlment l and D-F

are from experiment 3 of Tables VIII and IX.

Non-irradiated nuclei‘incubated with AT32P. ‘.

Nuclei exposed t6 1 kR prior to. incubation with label.

Nuclei exposed to 5 kR prior to incubatioh'with label.

Non-irradiated nuclei incubated w1th AT32P

. Nu%le& exposed to. 1l kR prior to‘incubatloq\withglabel,'

Nuciei exposed to 5 kR prior to inéhbation with label.
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. N
-Bands 6 and 7 were separated into one or two bands

depending on the load appliéd to the gel and their'degree
gf chemical modification. Running the histones”%dr loné%k,
than 1 1/2 hours, e.g., 2 1/2 hours, d'id‘no"t substantially
. increasé the separation. Based on their relative mobilities.
the amount of proteln present in these Eractions and thelr
- ) degree of response to ,various labels these two fractlons

are undoubtably histdnes F_.a2. {(IIb2) and F

z 2
«  tively. ) '

- (e i
Results of -the electrophoregrams, Fig. 6 to 10,

b (IIbl) respec-

«

indicates that Pinus pinea j\coéyledons posaess elgnt majof !
histones %ub fractions as compared to four(bands 1 to 4) of
calf thymus purlfled fractlon A% standard. Bamd "1 Qflcalf
thymus and hlstone/ggh?s 1 tg 4 of the cotyledon hisfone-,/,’

. __have the least mobili®y implying that they are identical

’ with lysine-rich histong Fy (1)46’160. Several authors2y’ -

?30'83'35'155'185‘have reported that F; (I) Bbstqnes exhilpit

L 2N ¢

the greatest hcterogéneity amongst species and that even

tissues from the same orgahism can differ in their Ei‘(I)

histone complement. - Rye,. barley and wheat have been found

to possess three Fj (I) hlstones while peas and radvsh have
46, 144

two :
) . B g s - ‘Y -

» )
5_ - . To verlfy that the flrst four bands were indeed Fl
\ L]
|

- (I) histones, and were noﬁ‘i%or example, ox1dlzed forms of. .

> ’ .
? - ' " 7/ ~
.

' * .
. . . - N -
N .
)
' * *
N .
. ’
- -
. -
o

JEN



by this procedure. <«

a -,

-

3

F3 (ITII) histone; a sampde of chromatin was stripped of

its histone Fl (1) by the method described by Nadeau et al.
]
The chromatin after’dlalySLS agalnst,os5p¢phosphate buffer

althjlnaurea, pH 5.5, overnlght was collected QX dltracentri-

fugation and the supernat&ht Fl (1) hlstone collected by

a

pre01p1tatlon ln 5 volumes of absolute ethanol Subsequent
electrophoresis and detection mith amido black confirmed .
4 .

that only histone'banéf.l to 4 wvere preferegtially extracted

°

@
'

Quantitative differences in the amountg of three
- , ) :
‘untrgated' controls, (see Fig. 7A, 7B and BA), each from

day 14 chromatin, indicated that 'the complement of the Fl (1)

hlstones does vary considerably, even among samples at

the same day" of germination..® Since there 1s llttle evidence

of proteolytlc actlﬂﬁty in the samples after electrophoresis,
it seems likely that day 14 chromatin can contalp‘dlfferent .

" amounts of Fq (I) hlstone. Diffegences in the rclative

amounts of the F1 (I) histones may reflect slight dlfferences
in the stage‘gf development of the cotyledons-induced by ‘the -
slightest change.in humidity oxr temperature during a crugial
perlod of growtH, or, the difference may be an ehample |\
dlfferentlal F (1) hlstone synthesis and gene yegulation
amongstlcotyledons at the same day.of germination. Evidence,’

o0 .
not presentég, has indicated that there is, to the same
. ( ’

‘degree, variftions in thé F; (I) histone content of

114

.
A
.
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-

" 85

cotyledons at stages of germination later thar_lﬂ day 14. -

- From this it was surmwh@t ‘if X-irradiation were

R]

1
would be Daf.fected to the greatest, flegree. Unfortunately,

to efflect histomes, it would '}_ae the F, (I) histdngs which ~

b

in vitro irradi,at.ion, Fig. 7, indicated that histgnes are.
resistant to the effects of ionizing®radiation. But, !

phosphdrylated-—irradiatéd F.
X
- . <> % 'La
and F, was seemingly affected by irradiation. -Dj/scussion°
- . “)-

&

res‘grved for a later time wiill explain‘that this"was

Ly

probably d‘ue to ir‘radiation—indu(ced reduction in the aﬁi@unt o.f'

the phospl}orylated histone'as compared to more complete
;xtrac;taion‘ of the non‘-phosphorlylated hist'?ne Fy (I). .
The . £1fth band seen in Fig. 6B'~'can’:l’)e ‘i'denti;fii:,e'c? as
3: (']:If)‘ hi_stc;r“e because‘l of i*fs, J;.defltical
mobility to~ that of the sel_cond' band of calf thy;nus',’Fig.r 6A.

d/:gz;nlne-r ich F

N
'
PN

When the Fl (I) histones were removed'fr‘nm the nucleochis-
tone, no histone was evident with the mobility of histones 5
to 8, indicating that none of these ﬁrelxctiéns‘could be
lysine-.—ri;:h histo;qe Fy.- (1. ’Elec,trdph'oresis of reduced

and oxidized samples Qf peas160 has .ind.icat;ed that the:
S .o "

—

oxidized form of arg,inine—ri.ch Fy (III) has a lesser mobi-
lity than that of calf thymus histfone Fy (L) while ﬁhe re-

L]
,duced. form. hds a mobilj_ty greater than that of the Fy;b (IIbl)

. &
and Fpa2 (IIb2) histones. Nddeéu}g_g a_l_l_.ll4, Observed that
‘there is a great deal of similar‘i-ty in the mobilities of 1,,
. ! R f ~ - N)\

' 4
!

/’% '
(I} histone, band 1, of Fig. 6E

4

P




-

the arglnlne—rlch histone Fy (III) isolated from-calf N

3

‘thymus, rat liver, and three different nifeals. itﬁwould'

seem that-the electrophorgtic mobillty of pine histone F3 .

\

(III) is mor&“similar'to that of calf thYmﬁé and also does

n

" not possess a detectable ox1dlzed Fq (III) arginlne ~rich

J f’
fractlon. Because of the 31m11ar1ty in &he electrophoretlc

moblllty of the hlstones fro@ plne with -thosé of caif . N

thymus a 31mllar1ty in the phys1co~chem1cal electrophoretlc

- characterlstlcs is 1ndlcated

-
[

In addition, both types- of

B s

histone. rea

test. Therefore, there is some degree‘of hoiology between
- _ - ¢’

’ r

l , :
histones of gymnosperms and animals.

. Itaif/cuspe'ted'thét éx&miﬁationfof hisgoneg frgm

<’ “earlienr stages. of germination may alsg exhibit differences-

in quantity, and pdéé%bly mobility of‘histones upon~elec~

trophore51s, since there is rapld depletlon ;} cytoplasmlc

' ba51dfpfpteln Wthh a¥ possibly repreqent histone pools

f,W \

that are belng used during reRllcacioﬁ of the genome occur-~.

ring at early stages. Unfortunately, thg‘methods used were

not adequate«to 1bolate hlstone fro;Lco€§ledons afoearly

t
.

ages ox%\ germination /suitable for electro oreéls.’ »
5 . . ’ . * a H ‘e

'.f-, \'

‘ . F?
(O N [
} ' ﬁ:~. . : ’ . {n
. . \ r
. ‘ | o .
! «
v ‘ ! «
! + I'd
-~ “ B I ~

similarly on a weight basii?po the Lowry, .. -




/5\\w; cotyledogs of days 14-17 of germination.e Equal portions of
' N | ' i - .y

« ' \ .
3. Resgonis.of Nuclechistone to X-Irradiation -

° .0 vy ?

\
. |

» N % N ~ M J [ . . LAY
A. Responses of Irradiat@d-Nuclei - ° ) a e . ﬁ
In several experlments nuclei were 1solated from . 41

K]

- .4 ’ : . - s -
nuclei were ifradiated and their .nucl@ohistones igolated

o
. e . \
. 8 ’

P

. as previopsly described. Radiaﬁion,of nd%lei with 1 ande

/ F - .. P
rgfdoses of X-rays aid not affect‘the UV*absorptlon charac—'

teristics, gpe01f1cally the A260 to 240 and A260 tpo 280 “a
1 - a
’ltlds. The relatlve v1sc031t1es, heats of'denaturatlon, L
. \ - .
¥hype£chromlclt1es and the chemieal comp051tlon of the nucleo— L0

3 . g o | , N .
hlstones were also unaffected, see Tables IVa. and IVbAand

§ 7

Flg- 10-and 1¥.. Thﬁ/vaiugs of theSe paramcﬂers were found ) !
to vary W1th1n the rande obse;ved for the un- 1rrad1ated ‘
oontrorsﬂx Sub!équently,'%he values of tHESe parameters were
Pooled té\zleld a meaP and a standard.error of'the mean°\ - ;‘ ;
reported 1ni§;5IEs IVa and IVb. o e A.:_ \

~ - The finding tHat 1nrad1ats¢5 did not alt#& these - . .

characterlstlcq 1nd1cates that “the parameters so far dis- ’J
.
cusged were not dlrectlyﬁaffected Y, radlatlon. Relative
“ 2.

VlSCOSltV m@asuremeqts revealed that l kR X~ faYs 1nduced :
&
higher v1scosm€1es ‘than those sqen in-5 k@afadlateg,&amples\

“or controls, w1th ﬂhe exceptlon of one sample whlch possesged‘

- i f

. . o
avv150051ty equal to that of. the cpntrol At low doses

9 . i,
1ncreaSed V1scosxty (1ncrea$ed flow re91stance) is be 1eve&

[N
N " wb ,
< - 1 ©
. . ’ \ Ve ' -
e . . . - . ‘
. ' .
. N R . . . .



" Table IVa:

»

' Dose ‘(kR)

'

Physidal‘éhéracderisticé‘obeu

o

cledhistone Isola--

. - ' . - \\ ~ ‘ ! ’
" " ‘ted from Irradfated'and Non—lrfadig}ed Nupléi/;.‘\

'\;I B | E\"
J8~. .~ 85" 85

.

- 65" T N62 . 76
R I Y 79

L
' _\ N aé Day 4. : e
o v ! J T
' X SN .UVJAbsorptioh Rétioé“ _ N .
L A 260/240 + A 260/280 . '
'-'Doséq(kk) g0 i s ro 1 s
_Mean X) ir : £.31,1.40 .41 1.67 1.70 1.67 ° |
sE. v 0.034 ;o§4 .036° .02% .031-.031 . '
. ‘ _ . i . . .
. Relative Viscosity ﬁ/ﬁo :
N o ; 1 'i‘ 5 -
Sy Mo ;}zéd" TS v S
noo, o, o4 o4 e i
:s.é%/f g 0.030 \b;oss L o.égg L
. A o Thermal ﬁg;aturatigﬁ (Tﬁ) °c
, . —~ )

7317 - - 74.7 80.0 ., A

.- ‘" . X=76.11%+2.6

{”- - szerqhébmicitj'(%)
N 0 A 5
R | - N o . , .
' -~ 18 19 . 18

P 21.3 . 21.7 23.

X = 2.1 + }.2%

24 . 25 24"
a2 21 .28 ‘

e

3



*."Table IVh.- Nuclephistdﬁe Composition o

/J

.

f irradiated.and o . ‘

te ’ ' . ¥ t ' , - '.‘
. Non-Irradiated Nucleil. * .
~ § ’ . 5
, ' Dose A \\\ Acidic P A‘
. Day (kR) DNA RNA Protein Histone

"1.00. 0.12 +

1.00
1.00

“
-
+
~
N °
(4
[
i
l
.
.

0.12

ﬁ;’\!
b

I+

I+

.10

» 08

o
o
=
I+

-12 . ‘\
.19 &

o
o
o

I+

+ .07 0.78 + .28 2
e :
‘//1186

1.09
. "1.06
D .
\\'\ - . . \'
‘\\\\ L}
s ) - '\\\
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-
Sample

- a - R
. o R4
— o * .
¢ .
) . ) - > r
¥igure 10: Absorption Spectra of Nucleohistone and DNA
) from Non-Irradiated and‘Irfadiaﬁpd Nu&lei. g: :
; ) ) - , . \. - ) "-.
e Rf : , UV-Absorption Characteristics ,
Dose (hR): v A260/240 22607280
0 ' 1.30. ‘1.80 -
1 L 41.54 1.83
s : L.52 1.80 '
) o ) v i ) \ ¢
- e ’ -~

Sampie = .Dose, (kR)*

3

I

A
B

.

"B260/280
1.32
1.48

L.40 -




UNICADMN SP.s0n

transmittance

- o . © o9 8 u 2 g 2 m
— v T v v 77?.4]&
- . N g ) 1 T
. a - - - B e S e ) ARl gmmemer o

. ,

s

~
4

¢
@
200

wavelength millimicrons

e300

(o magee Mo

NUCLEONISTONS

P MO fow s

Vand S k2

1RRADIATED NUCLE)

x
o
-
'
”
-
L
—
4

transmittance

g 8 828

4

4

T 41«%«4.@

. P e S PRI RN
1

om rmadog smeereen o -

[ YOS Sqen

ittt

L

Wi i

E

ke

" ANVID bast

R LRV Y]

225

(]

200

wavelength millimicrons

. o~
<] o
Jueqiosqe

Gaty

bienked againet
dietiiiod wa'

path (anrh

-
0,V end B i

DNA IRRADIATED NUCLES

w | cmaatoe

wate?




s .

- » .

{

14

Nucleohisténe

/

a

.

Ta

30

d Nuclei.

a\‘-.
'

(°C)

Figﬁre 11: Denaturation and Hyperchromicity of'Nucleo-'

. histo e‘frpm,Irradiate

Spectra- Deter-

~

mined at 5°C Increments %gom 60 to 100°C (a-i). |~

Hyperchto—

»~
3 +
“ LY
.
’ Do
'
‘ 1Y
.
.
.
. .
.
~ P
s
’r
N
L]
-
" i )
f
» .
-
¢ 2@
N
‘ .
I
'
.
A4 1
LN
- <
-
.
” .
-
- * 4
i
L] - L]
-~ 4
R
-
t4
. LY
L)
.
v
an
.
’ (
. ”
L4
A
- .

- . .
- )

0 . 46

. L e
'
-
C
.
~
. - . .
- P
i 0
1) } .,
[ “
L]
A
3
.
.
.
: e .
\
. i
\ ! * g
- —
-
-\ . .
.
R ¢ .
. -
- .
.1
Yy .
4 PR
b
3
Y
7, N
LI
N
*

Concertration (pg/ml)

78

) .
. .
E,
5 A
-
™ A

£113

3

© 22

.
21,

28

Micity (3)

.






¥

‘lf, - to result fr&h unfoldlng of the nucleohlstone followed by - -
release of fragments from the complexaz;' At hlgher doses
- *
aggregatlon and prec1p1tatlon presumably occurs masklng the
- (

.\_,.effects seen at/iow doses resulting in decrea31ng viscosi- I

.

ties. This effect of 1rrad1at10n was not significant . -?'

(student "t" test - t}=7l.77, pP= 0:10).
L o : : -
Values of the hyperchromicity and Tm of ngcleohistone

'saﬁples indicated no effect of radiation op these parsmeters. :
- ‘ | ] . | .
) Consequently, .the results were pooled yielding a mean T, of
] .

76.1 + 2.6°C and a mean hyperchrom;cxty of 22 l + 1 2%.
\
The values of the T and hypenchromlclty are lower than

those reported by Bonner gE_gi.Ig, of 84°C and 40% for pea

: I S . .
nucleohistone because of the use of the method of reversible

t

_,_~____—~#r——,9991£29_~Qrsmeas&remeﬁt~of—th—‘T‘ Coollng of the nucleo~ ’

h1Stone after heatlng is known to result in renaturation

"
and re00111ng of the DNA strands thus allow1ng stablllzau : v

-

tion of the complex.

2

’

The .values of the UV—absorptlonoratlos were 51m11ar
; .

for each of the populatlons. There is a slight 1ncrease3

. A *
with radiation, but the standard error from the mean

. increases with'radfation. The increase is most probab;;\;;;\\i\\*\~

v '

to varlatlons in histone and aCldlC proteln content caused

by 1rrad1atlon. The Varlablllty of the observed effect may
be a result, if it is a direct effect, of differences in

copcentratioﬁ of the irradiated sémplesJ;

. N ' .
r - N N ~ . .



»

.Eicantly different from those. of the lrradlatedlspecimen,:-

‘Yhisfone (day 14) from nuclei irradiated in vitro (Table 1vb)
walues of RNA remained unchaﬁged*aféer\irrad{ation. Since.

. fo&—nucleohistone composition, at day- 14, were added to

" of- radiation in vitto.on nucleohistone were investigated.’ . N e

* ~ M . “ ‘- + . o
In one experiment,nuclechistone at a concentration of

_ N ,
The histone and acidic protein contents of nucleo-

was not significantly different than that of controls. The

i
#

irré@iation had no observable effect, the values obtalned

4

Table IT and the average of the day 14 nucleohistone ceﬁpo%

sition was compared with those obtéineq for eétyledoné at,
dayc 15 to 22 of germlnatlon. The/elder, more:differentia-

ted cotyledons were found tp posvess more hlstone (B< 0.001),

-

greater amounts of acidic proteln (P< 0 Ol) and increased,

levels of RNA (P< 0 05) relatlve to DNA. ©o

* A}
LI . .

-~ ’
> L . . 3

)

~ B. Response of Nuclechistone and Histones to In Vitro

. . . ,
Irradiation y - o e

since irradiation*of isolatéd nuclei di&Lnot.yiéld '

observable effects on the nucledhistone, tﬁe direct “effects .

‘o

467 py3/ml, was irradiated with 5 kR X-rays, whi}e an iﬁeﬁti—

cal sample served ‘as an un-irradiated control. Visible,

7

prec1pltatlon and turbldlty developed immediately followxng .

irradiation. The Uv~absorptlon characterlstlcs wefe 31gn1- S
)

(Table V). , . , S I L
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’

E . ‘ ——
Heat denaturatlon of tﬁe%a(mples resulted in hypo-

¢

chromic,ity of the 5 kR sample,' indicéﬂ:ing deg@dation of

the" nucleohlstone 1nd:Lcat1ve of losses of DNA and histore

from the complé{ ptobably. J.nduced by main- chaln,sc::.ssz.on ‘

-
.

‘effec»ts of radiatiop. Depolymeri_zation, decreases in Tr.n’

-

decreases in hyperchromi,city and vi’s‘cosity, as. well as

" visible pr901p1tat10n and losses of histone ~and DNA from

W -~
in Vitro lrradlated“nucleohlstone or DNP is Well documen-
M 4

ted. In thesd& .stud1@ viscosity oF the 5 ‘kR.sample, repor-

«ted in Table“V, was de'creasec}‘,compareq to that of the un-,

h |

irradiated contr‘olf, a- further indicati(;ni of precipitatioh .

»
P . -
[ -

induced by irradiation’.. In another experiment, nucleohis-

- Ao g® - U .

"tone at 46 ‘ug/ml.concentratiédn did’ not show any effects upon
) ‘ o0 N ..- =° * B . - * ’ :l

irradidtion with 1 and 5 kR X-rays. A third experiment

a

was carried‘out‘ subjecting r&ucleeﬁistohe of 50, 100, 150,

200, and\ 250 ug/ml concentratlon to 5 kR X—rays, w1thout any

.

prec:.pltatlon . . °

Py B ) < b

‘e

Histones iselated from the un-irradiated control

.-

nucleohistone - and then irradiated in vitro®at equal concen-

tratlons of 64 ug/ml w1th 1’ 2. 5', and 5 kR doses of X-rays

dld not have different electrophoretlc patterns from non- .
<.m "( . .
:‘ur.radiated contro’l, see Fig. 7, E-F, nor exhibi't .quantita-

tive changes in the amounts -of. protein present.in each of
the,‘sub-fr_actlons.‘ Therefore, in accordafce with the

\

.
R .
3 e -~
' \ . .e '
. - ~ R . =

. T
observable effects on the T hyperchromc:.ty and w1th no .

’
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A

4

i literature-cited the. effects of radiat-ion on ﬁistones is

‘.

o

LY

-

Q

s

‘'slight, suggestmg that hlstones are protectlng the DNA

« 0~

being targets themselves.

3

of .radlatlon in VJ.tro requlre a threshold level of targets

~

1
.

-

ih order to elJ.c;Lt a response.

in DNA depend crltlcally on the exact J.rradlatlon condltlons.,

B

]

’

\

. . ’ . e .,
At best these ekperiments indicate that the effects

Radlatlon -induced changes

_'I‘he path of dlffusu)n_.of an active radLlcal produced from

¥ not encountera térget within its zone of: dIffus;Lon, J.t has

ioniza’tion events occu'rring Ln water and the distance from
| S

tge target molecule may both 1nfluence the outcome.

. the case of lrradlated nucleoh:.stone,

In

if the radlcal does

- no -chance *of making an <effective collision.

’

el

L]

If the radia-

tion d'amage‘is pi:imarily due to direct effect,

to indirect effect, the .numbef ‘of damaged 'targets®

tration-.is great,
G

.

L

- . . = . ~ a '
portional to concentration at a given dose,.

R

as opposed

When cancen-

from the direct effec‘ts of 1om.zlng radlatlon, rather. than

v

: .. .
there will be a larger amount of nucleo-

L

histone deterioration per, Rad absorbed. -

In addition, a

-

certain.minimum numbér of ionization events must occur in

y .

&

is pro- . .

'o:cier to penetra'te,/ the protein sheath which protecks thel DNA;

-

such is believed to be -the case in these experiments.

o

\

.

is consisteht with a''single tatget-multihit'model.

Evi-

This

"
dénce from the literature indicates that. most.of the effects

. . . R . . ‘o )
of ionizing. radiation on nucleohistone are due to rupture of

4

FORS
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T . , o . !

nucieotfée~to—prote1n bonds,or to. ‘the disnuﬁtiOn of the
hydrogen or d;;ulphlde bonds of the prdteln and not the ¢ c‘ . K
hydrogen bonds of DNA, "’ 51nce re00111ng Bé DNA | occurSaimme- o
dlately aftetJlrradlatlon. Furthey, it has been observed

o tHat the ohospho-diéster bonds ' of nueleoh}stone are the ,_'1

most sen51t1ve to the effects of ionizinrg ladlat;on both

»
in, ViVOS§'129 and in v1tro45 90 ]35 136 Analysié of the v

eiectrophoregrams,~Fig. 6F. of’irradiated phosphorylated
. ~ N . R

ﬁistodés compared to non—irradiatéd controls suggestgfthat ' .
1 . [

there are two distinct populatlons of phosphorylated his-_
tone Fl (1) present 1n band 1; one may, have a lower phos-

, bhate content than that oi_theﬁother contrlbutlng to dif-

- terent'mobllltles ﬁpon electrpophoresis:’ Quantltatlve

-

diffe%eﬁces'exhibited by histone F) (1) bands 1 and 2 in

.: these 1 and.5 kR 1rrad1ated samples are evidence for 'the.
Y . 4 .

assumptlon that radlatlon has altered'the solublllty of
\ .

.

the proteins due to radLatlon—wnduced dlsruptlon ok the ] .
- \ - . I o *
"’ hydrogen bonds of the proteln. The results depicted in’

. Fig. 6D-F are consistent with the - observed changes in solu-

e e 2T '
bility of nucleohistone and.histone complexes after ig_xi%o'
o 180,181 Coe .
.drradiation -of rats o . . o, -
C. /Mitotic Delay and'éhanges~in Nncleohistone After f
. . > oL .
o ‘ X-‘Crradiation b
.~ In three expefg;ents, day 14 seedlings were remoﬁed A
- = b - ) ' '
A ) ¢ ) ’ : . a
¢ . \ * Vs ‘. ) . M~
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Table VI: zcnpmo.w.Hmﬁosm.oﬂmﬂmnwmnwmnwowﬁmﬂoa Irradiation-Arrest Experiments,
v, . ° N ) . ’ ) ‘. B .. 2 7 i
S o -+ UV-Absorption P Nucleohistone Composition
. Dose " Hours® ' Characteristics . ,. Acidic .° -
{kR) Post-Irradiation _ Day A280/240 A260/280 - DNA RNA Protein Histone
"o 21 - 15 1.44 . ,i.63 . 1.00 0.19, 0.62 1.99
1. - - . 1.38 ~1.77. 1.00 0.20 0.62 1.09
< P . - _ - ) :
. - . . ’ . . .
0 21 15 1.21 1.66- 1.00“ 0.15 ,0.26"“ 1.15
1 ) . .13 - 1.66 1.00 0.16 0.28 0.80
v . - 1 . P -t E ' ’
. - », . . ] .
0 40 16 1.37 1.67% 1-00 0:1%& 0.68 1.50
iy . .. . . i . ) . Fi -
1 \ LY 1.35 .“_...mu_., -1.00 *0.1% 0.73 - 1.35
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oo “fram their planters, divided intb e‘qual poxtions, one-half
£~ PN ) ‘

; S *1rrad1ated with 1 kR X-rays, the other half serv1ng as

;e . un= 1rrad1ated control In two experlments, the cotyledons

”

— ' —_— R o - ‘e
to extraction. MlCI‘OSCOplC .examination of squash prepa

! 4 o

T tions from sewveral Feulgen stalned cotyledons showed that

\)‘. C . were stored for 217 l-ggurs, and the other for 40 hours, pior

‘ 1 kR of- X-irradiation delayed m1t031s and produced ch:?omo-

v

R B somal a,bberatlons -(Appendlx 1). ’ ~ 7

. - \ -
£ C .
. .

. R ) One kR of X—lrrad‘.tatlon effectlvely altered the his-
. oo tone’éontent of nucleoha’.—stone (see Table VI) but had no o

S, . effeqt on the spectral characterlstlcs:, ‘In each of the
; : - & '. « l'

2{ . o experiments it is apparent” that control nucleohistone pos-

g "’éessed more histoné at the time »of; extraction. -It-has-been

l\// | observed that'nucleohistone yields cfocre’ase witﬁ tlle stage

: of development past. day 14.> ngher ylelds of nucleohls%one

[

were obtalned from 1rrad1ated spec:,mens 1ndlcatlng that

il

more cells were presen(tuwhlch had not yet fully elongated

. . by the time of extraction (day 15 ‘or .IB) Decreased hJ.s’-
3 " - ..
' [

.

.. ' tone in 1r1sad1at7ed nuchstone may . result from several"
j

5 .. 3 ’ factOrs. Messenger RNA and ﬁlstone syrithe51s on polyri~
L_j L bosomes may "have been affected by 1rradq.at10n‘1 gor trang-
k .port of the'histiones to the nucleus may be occurring at

9 ‘ » . d
- ' . i o ' - . - - .
A . ' . y E
. .

~ decreased rates, possibly as a result of impairment of a «

‘»' N . N . v ’ v +
4 radiosensitive precursor, or possibly because of stimula-
' . e T s . ) 60,61
tion of amino acid scavenging enzymes ; or, histone

\\\ : . ' ?
R L
a N.x

4.

1)

Qo

.
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«

_ synthesis was not affected by - irradiation per se but is

. - ’ .
occurrlng at a reduced rate in- comparison to controls. .

The . latter suggestlon is supported by the evidence. It

must be remembered that the controls have progressed ia age
to day 15 and day 16 whlle the 1rrad1ated cells were arres-
oed and have, delayed mltofls. Thus, for example, the his-

pone isolated from irradiated'day‘ls coryledons,is the same

essenfially as that isolated from day 14 controls (Tables:

II and IV). For this-reason the histone contents of

1rrad1ated cotyledons resembles more that of cotyledons
still under901ng m1t051s rather than cell dlfggrentlatlon.'
In conclusion, it would seem that,in this system

when DNA synthesiy and mitosis.are stopped by irradiation,

\

cts of radiatlon on these _processes

r

Completion of mitosis leads to diffe-




- . ) . . \ )
doses qf radiation up to 850 k Rad65.' Chinege hamster ovary . )
» (CHO)cells exhibit division  delay after irradia ion in pre- . .
. ~ ) .
sence of normal DNA and, histone synthetac rates whlle re~

59, &l

)\\ maining in a G2~llke state In ‘thn,n adiation

‘of CHO cells at various stages of the cell cycle iﬁ_vitro.r . |

resulted in decreases of acetylation ‘and methylation af , '

P .
histones F2a2 (IIb2), Féb (IIbl), and Fq (III)149. ‘Gurley_

and co—worker562’63: have shown that in CHO cells phos~-

4

phqrylatlon of Fl (1) hlatone may be requlred before cells .

d1v1de. It was enVLSloned that phosphorylat:on of the Fy

(1) molecdle is essentlal For the gepératlon and condensa—

. 4

tion of sister chromatids prior to and during mitosis. - -~

Shepherd et al.l49, in a‘study of.the structural modificai

~
tlons to histones after irradiation suggested that G, divi-
» sion delay and interphase death may be due to an 1nab1Yity -
to undergo cytoklne31$, rather than effects on DNA or his-~
e¥/tone synthesis, or hietone structural modification. S
_ ;n gotyledons;nlth radlatlon-a{tested ceIl division,
histone dep051%10n 1nto nucleohlstone 1s also 1nh1b1ted
The 1pab111ty of X-lrradlated cells to synthe51ze‘normal
compiements of histone.may be‘mdre relatéd to delays of
m1t051s rather than effects on hlstone synthe51s.v A

In order.to study the effect. of lrradlatlon on Lhe

™ metabolism of nucleohistone, nuclei from day 14 cotyledons - '\,
Y o , - "o ] N .

- 1 \\ - .
. ‘ N - ) .
. . . M




»

" 4. Effects of X-Irradiakion on Histone Metabolism

" degree.

?

were first irradiated in vitro while on crushed ice, and
- - . et et . . \ . ‘.

— N =

t -‘.. ) N . s | \.'
-then the degree of acetylation, phosphorylation, and methy—{

lation of the histones ln the electrophoretic sub-fracti

was measured by countmng radioactivity from labelled pre-

'cuLsors. . v
/ T

N » t
Tables VII and VIII ghow the radicactivity (dpm)

#

inéorporated BYTthe TCA-insoluble matter of the nucleus,
the nucleohistoge,and“ité constituent proteins. Incorpora-
tion from nucleohisfohe into protein and the amount of radio-

activity incorporated per mg(specific activity)was inciuded

in order ~to show clearly the effects of radiation on these
~ . . .

fractions. . ! , o &

1

P When'KH232PO4, 14C7aqetaté and S-adenosyl-L- - -

methionine [methyl—BHL were used to label hishones low, count

ad

rates were:obtained‘%TdBle VII). Irradlatlon did not sig- "

1f1cantly effect the spec;flc act1V1t1es (dpm/mg) of

nucgleohistone, hlstone or acidic prot@ii;r The low 14C—
\ .

Acetate and- 1norganlc $32 Phosphaté 1déor ation iﬁto nucleo-

histdne and hlstone lndlcates a rzﬂlatlon sén31t1ve/hlgh »
N -

energy dependence of thi;esten;fl atlon)process§§f/ Slnce_

nuclel were able erste 1fy/583tgse aé§>phosphate the

nuclel did-exhibit nbﬁaﬁgip

L)/ Blolog;ii}jreactlons to some
\/“—

! . . ,

&
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Table VIIA: .Hm.wvnovm JIncorporation into Nuclear Fractions.
V ‘ E
. K .
mxmu.mﬂwam:n Dose zzmwmw 6 ’ zcnwmo:wmﬁomm 4
SHELEQNLS 2Oe -
{kR) dpm X 10 dpm X 10 édpm/mg X 10
. -
. “ s \.\ .
14 : 0 ;
- C-Acetate 0 . 4.05 1.63 0.187

(1)
. ¢

(2)

e

0.158
0.200 -
o.n\.mm. ’

D.676

[ " ‘4 - .
24 ) . ._ LI.;T ’
< B3 - . o~
/ . . / R ‘ - 7
. -+ " ® i
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¢ Table .VIIB. Huoonvonmﬁwon of “H-Methyl into Nuclear Fractions . . .
. N s} -
- . - . vf - . , -
-~ ) L™ ’ ) £ . . ~- . . - -

. Bistone
dpm x Ng=3 dpm/mg X 1074

- \
«)

7.05

. i ~

6.49 ‘ -

- e Exveriment .Uﬂm | Nuclei zcnwmosm‘. tone . * Aclidic .Protein -
(kR) dpm X 10-6 dpm X 1072 dpm/mg X 10-4 dpm X 4

. . . -

. » X n
<L 7 / 1 0 ! Y2.02 . c.4.30 . 7.22 - 3.47 1.03
) it R ¢ .
- . 1 + 2.52 4.45 - 6.92 . 4,74 4.52

. s 171 . 3.86 7.10 2.27 2.12 T 4.40 .

-~ - ° - s .
2 | 0 0.617 8.59 20.1 10.3- 12.0 " 1.02 .
- - : -
: . . ./H 1.74 - S..q. ] 24.8 10.0 9,21 v ) 1.42-
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’ .. N . A - ' y .
e \ - - \ ! - .
B - Lo - \ . ‘
| ) € - - . o - "
| s . . : : . :
4 — ' . '
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. . ‘ ’ ¢ ' ’ \a
- Irradiation of nuclei decreased the orthophosphate ' ’

L4

b
spec1flc activity of the a01dlc‘brote1n but not‘histone.

The histones' were found to contaln 1nsuff1c1ent ;Cthlty . L

I

such that sub~fract10ns could not be counte

. R

and’ phosphorylation increased the mobllltles:of histones
(Fig. 6 B aﬁd C) Qhen cqmp%?ed to calf thymus.standarqllc

\ (Fig. BA) aﬁd non—phosphorylaped‘up-irradiated contgpla
histoge'electrophoresed at the same time (Fié. 8A). Acg?y~
y ‘ lation also decreased the el?ctrophoretic mobilities of
histones (Fig.'8 B and C), while radiation with 1 kR
. ‘ caused further decrease®s compared to Ehercontrol'(Fig. 8A).

A

\ v ) Further, the 14C—activity of the nhcleohiétone was too low

" 1

: ' . to allow accurate assessment of the effects of 1rrad1at10n oo
on 1nd1v1dual histone fractlons, but there is some—1nd1ca-j
tloq that erays dellvered to nuclei or ex01sed cotyledons
in vitro decreased the specific activities of nucleohls\\

tone compared to controls (Table VIIA).

! . Methylatlon of irradiated nuclgi dld not change e

the electrophoretzc mobilities of histopes (Fig. SD to F).
146 149

< Since meﬁhylatlon of Fy (I) hlstones doeS°not
;“N‘/) = occur ‘to any notlceable degree, no dlfferences in moblllty
‘ -,of the'Fl (I) histones was expected. ;Methylation of the
iargin?ne—rich histone Fq (III).should f1ave induced some
changes: 'Radiation inhibition of methylation of CHO

hlstones has been leported 49. Methytlation of histones ' '

1




().

‘only one of three experiments, whereas stimulation and no

“cyhle by X7irradiation, F, (I) phosphorylation, but not
! . \ L7

for DNA replication but that F.

- ) ’ 9.

(Table VIIB) was found to.be inﬁibited by radiation’in

effect were observed in the other two cases. The degree

of labelling kdpﬁyhg) of the nucleohistone was moderately

high which ¢onfirmed %fevious reports that methylation of

22,1 ) ¢ ;
histones can occur during mitosis ' 45. ' )
.. Ord, Stocken and co-wofkersl?‘_l’lzz'lG7 and Paskevich
s 124,125 N 3
and co~worke%i ' have shown that total body X-irra- : |
' |

diation of regenerating rat liver and Of hyperplastic

. kidney but not in hon-dividing tissues, decreased histone

. -

Fl (I) phosphate. contents which correlated w1th decreased

RNA synthetic abt1v1ty4measured 1n an in- V1tro test system.
r <

e authors concluded ;hat Changes in the content of phos- = #~

¢

.
- phate groups led to changes in the functional properties : \

of nuclear proteins and that disruptions of the conforma-
tion of phosphorylated nuclear.proteins as a result of

]
irradiation would become a critical factor in the post~ \\\
‘ | 59~61

~irragliation’metabo]‘.ism of the cell. Gurley and co~workers

have observed that in.CHO cells, blocked durihg the cell

,,,,,,,

LY

histone synthesis, is decreased while at the same time DNA

Y

synthesis is inhibited. It was concluded that normal phos-
pho¥ylation rates-of Fl'(;) were not necessary for either

Heposition of newly synthesized F, (I) into chromatin or .

1

1 (1) phosphorylation may be

-e

e



b . *

4 : - .
related to separation and condensation of sister comatids 1

e
prior to and durlng mltOplS7'63'167. As of yet there are

i \ ‘,

no reports-of an X—lrradlatl n Jnhibltlon of hlstone Fq (I)

phosphorylation 'in plants, in partlcular a gymnesperm., . . © T e

species such as is Pinus pine AT32P incorporation into

‘nucleohistone and histones, " isolated from day 14 cotyledons

(Tableg VIIIrand lX) was much greater than that observed . N

°

with day 15 nuclel incubated w1th inorganic phosphate.

This 1ndlcated that AT32P was a more dlrect precursor to

histone phosphorylatlon than was_lnorganlc phosphate. The

specific activitiés of total histone wer@°decreased within

(4

. ) ; .
1 hour by irradiation in three of four cases. Thé,activi—

ties of the acidic protein and nucleohistone were‘kpt/

. t
con51stently affected by 1rrad1atlon. The ifAconsistent

-
‘

behavmour of hlstone spec1f1c activity of experiment 1 may
be related to the abnormally low nuclear incorporation of

the control, the reason for Wthh is unclear.
»* '

The degree of phosphorylation of nucleohistone,
and histbne in particular, was increased aftér -20 min _incu-

bation. The degree of incbrporation of?taﬁél into histohe
was nqt affected by the amount of label 1ncorporated 1nto .

the nuclear insoluble matter, except for the: possible ana-

'

lomous result of experiment 1 where the low count rate may

-2

have been a COﬁtributing'factor. This suggests that l N



C

(20 min)

s

(20 EM:V\

Q .

i

N ° - - . & - - ' 3 -
¥ 1 . N . .
“~ ~“ -
L » * . .
- . - ¥
[y 1 . [ *
. - An - ¢
" . - .« a* .
- . ) \ .
' * - - ) )
>auwqu:nouwonmﬂwon into Nuclear MHanWosm. < . )
¢ . : ) . T s o7 - - - —
Dose | Nuclei - " Nuclechistone Acidic Protein . dpm X }0~
(kR}e - -kmww X rb|m .+ dpm X 10-0 dpm/mg X 1077 dpm X 10°°  dpm/mg X 10~5. ..
! - - ) L 2133
0 9.82 3.62 4.05 - 2.65 g.27
. — , 2.95
T 44.1 5.57 5.731 4.30 T 5.24
© <, T e 2.55.
18.1 2.58 2.62 . 2.36 5.05
S . . & ] ».wu
0 N 15.4 7.21 8.25 2.38 28.0
. 3.31
1 13. : 9.09 “ 9.87 - 3.85 89.6 = )
, . 6 ) 12,77
5 34.8 £ 5.39 5.05 ,, . 2.70 *42.9
} . - 25.6
0 42.7 10.9 + 1.6l 10.1 66.5 )
N.I\. 15.7
1 ’ 34.4 8.60 7.16 5.61 31.5
- ‘ N . - -15.5. K
5 43.6 11.1 9.03 6.09 * 41,7 v
o\ﬂ% . . o 1.00
23.0 2.48 7.16 0.269 " 33.6 N
o . . ‘ \ 1.02
1,0 31.9 5.35 16.1 : 0.512 24.5
. _ X \ 0.650
5 . 20.4 1.96 7.16 0.381 47.6

distone . .
S dpm/mg X -10~4
'

2.9

: 7.02
: 3.41
. 6.07.
3.62 - -
3.46
60.9
41.7
s0.5
3.08"

2.21

©  1.56



Table T¥: AT

.

Expefiment 1-7 (10

.

C Ww.x ~

Histone (%)
.Weight (ug) -

: dpm

“dpn/mg X Hoalw
1kxrR ° .
Histone . (%)
Weight (ug)
dpm m

dpmag X 1073

-5 kR
A Histone (%)
. " Weight™ (ug)
dpm .

@mE\BQ-N Holw

__ (; ° ~ . 39 <
\J ) - , N -
um@n@SOmvrowwwmﬂwo= of Histones. } . . C
. . \ . . | °
" + M@ * ) .
min. incubation) ) Histone Fraction
Total 1 2 © 3 4 L5 6 and 7 8
99 0.5 .6 8 0.5 3~ ..57 . 24
. 80 0.40 4.8 6.4 0.40 2.4 - 46 19
' 358 . 28 26 62, . 34 44 158 6"
4.48 °.70.0 5.42 9.69 85.0 ' 18.3 3.46 0.31
//// . i ' * *
. ’ ;/ -
" 190.5 - 0.5 7 8 13 58 23
42 0.21 2:9 3.4 042 1.3 2ef 9.7
504 + .38 64 108 -~ 58 58 166 12
12.0° 181  2I.8 - 32.1 38  46.0 6.81 . 1.24
L ) Lo d T -
V - . ! \l. ’ 0
©.99.5 Q.5 8 10 1 T e T~ 57 - 21
75 0.34 = 6.0 ~ 7.5 ° 0.75 1.5 43 16
' 320 - 6 . .30 64 =1: 28 * 140 i 14
. .4.27  17.7 5,00 8.53 50.7 18.7 3.27 0..89
| . ‘ e
1 c . .
| - 5

. .
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P

¢
ﬂmvwm IX: AT

For

~

32

mxmmHMBmWH,w (15 min incubation)

0 kR
Histone (%)

Weight (ug)

dpm

QmB\B@ X 10~

™

1 kR

mwmwowm\ﬁww
Weight (ug)
dpm ,

mma\gm X 10 -

S kR
Histone (%)
Weight N:mv
-dpm

* dpm/mg X 10

Total

" 99
70

912
3

100

| W/ 91
TR a1

’

ert

*

98

: 80.-

. . 290
w '

13.0

5.4

- 3.6

1

S
6.3
194

30.8

12
S 11
104

9.5

3

LR

39

'16.3 °

P-Phosphorylation of Histones.

2" 3
4. . 10
2.8 7.0
70. 185.
25.0 26.4
4. ' '8
w.m Q'u
63 88
17.3 i2.1

-

6

4.8
47
9.79 -

-

mwmﬂosmkamOﬁwow

4 5

1 6
0.70
68 82
97.1- 19.5.
1 -2
"0.91
49 .55 1

53.9

.

2 2
1.4 1
31N - 39
22.5 21

4.2

H.m

'30.2

"6 and47

46
32 -
293

-

%

'9.10 -

.

-

o

-——
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Table IX: »ewwméromuwowwwmﬂwon of meﬁbmmm.. a . . .o, ST
) L .: ! ’ ! M : . L ! ) A - 3 k IL ’ . ) g
3 ’ - Experiment 3 (20 min incubation)- PR Histone Fraction’ - . :
% - b - - - v .
M . S Totdl - 1 2 3 .- 4 . 5 .6and 7 .. 8
0 kR - o _ L o .
Histone (%) v 196 11 N 9 - - 13 39 » 29 22
.+ wveight.(ng) © . 105 .12 ‘9.5 - 14 3.2 ""9.5 | 30 . < 23° 7
" o od@m | x. e 8053 1683 - 700 1022 _. 619. 1613 . 2187 . 229 O .
: dpm/mg X'107S v - 76.7 146  74l0 °75.0 ,197. 171, . 73.0 - 10.0. . -
) ‘ Y S P o . o
¢ |H kR e SN Qf ' - - < . N
- . Histone (%) : 100 11 7 14 2: "6 .39 21 =7
Weight (ugy  * ° 94 10 6.6 13 1.9 5.6 37 20 . I
dpm - 4085 724 333 468 . 316 945. 1195 104 y |
épm/mg % 10°° '43.5  70.0 °51.0. 36.0,168 168 33.0 5.0 |
4 . N N .. s - , ‘
- 5 kR : . : |
s Histone (%) ° 99 9 - 6 13 1 5 42 . 23 .
 weight (1) - 96 8.6 5.8 " 12 0.96 4.8 40 22 - o
dpm, 4053 577 4Q5 524 314 - 940 - 1196 96
- dpm/mg X 107° o 42.2 . 67.0 70.0 42.0 327 196 30.0 4.0 4




-

<

.
. - r

Tableg IX:-

wewNMtwwo

.

t

Experiment 4. .Amo min incubation)

sphorylation of Histones.*

»

s, M i » .
Histone Fraction

which each of the 8 sub-fractions were combined and counted.

N

~ rd

L Total 1 2 3. .4 5 6 and 7 8 .

0 kR * . | - R = ; | :
Histone (%). 100 ‘13 °o 12 . 2 "4 35 25

Weight (ng) \ 975 127 s N7 20 39 341 244

dpm ) - 7249 1666 631 1102 837 1071 1660 - 282 :
dpm/mg % 1077 ' “7.43  13.1  7.19 ' 9.42 42.9  27.5 “.86  1.16

) i . | BT : o

.._.. kR . . . A R ‘o . ! A ; 2 A
Histone (%) 100" 13 ‘g, .12 2 6 © 32 27 L
Weight (yg) i 1380 , 179 110 166, 28 83. 442 373 .
. dpm \ 9148 1882 1114 1388 966 1363 1946° 489

dpm/mg X107 - ( 6.63 * 10.5 4l0.1 . 8.38 .35.0 _ 16.5 4.41 1.31 .

5 kR .. . - . .. ] i .
mwm.donm, (%) . ) "\ 100 oo 12 . 6 .9 2 5 . 40 ‘Nq//\\k |
‘Weight (ug) | . 1269 152 76 114 25 64 508 343,

dpm | _ 7 4515 720 517 450 ° 540 < 917 1149 222 .
dpm/mg X 1073 " 3.56  4.73  6.79  -3.94 21.3 14.4 2,26 0.65 .

*In this experiment ﬁrm,zmwmwm of histone indicated was mwmwwmm to 6 gels from - <

4
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. . 4 Yo ]
) . 4 » . - N ' .
. - , S Y A . ) d
Table X: ww HSQOHUOHwﬂPOU Into Histone Fractions. Comparison of mvmowmwo\ activi= " :
. ﬁ_.m \lxﬁma\nﬁ X 10~-3)- of 0 and 5 kR. The probability of observing 4 con- ‘
secutive reductions in 5 kR ooawmhmm to 0 kR Amxvmﬂwsmbnm 1l to 4) is 0.06 ° .
. ‘and Hm mmSOﬂmm by an mmwﬁmw ' ) . % . . ., - .
T Totdl*- = ° R i . ) T - s
Experiment " (on gel) Fy A.:* . . \h,w vaf , m.H (3)* -
: 0 5 kR _ 0 . "+ 5 kR ) / 0 o kR _* 0 5 kR . i
. < b . - . r / - & ‘n .
-1 7 T 4.5 4.3 + 70.0 17.7 + ,\.m.b 5.0 + 9.7 _.:8.5 e
» _ i ) /“.
[ L L TB’oo 3,6 + 30.8 16.3+ . "25.0 m 8 + Nm 4. . 6.9 "
3 v 76.T 42.2 + 146.0 67:0°+ _°  74. %, 70 o + .75.0 \S.o + . .
4 7.4 3.6 + 13.1 ' 4.7+ £ 7.2 6.8+ 9.4 ° 3.9+ .
« . : . b s W ’ L.
- P& 0.06 _ P =0.06 P = 0.06 - P = 0.06 )
a N ‘ . . ) ) . . - ) - A' ’ ® ' ”.
o . . mu, (4) . m.w .GV - Fpa2 + m.md..ﬁmmi» m.wmp (8) .
. . 0 . 5kR Y 0. 5 KR ¢ ., 0 ' skr 0.° 5 kR X
. L 4 Y . - t
o 85.0 _51.0 + 18.3 18.7 - 3.5 3.3+ 0,37 0.9= 7
RN ~ ’ - . ’ - / S, - A “ ' . -
-2 - 97.1 22.5 + 19.5 *21.5 - 9 H. -~ 1.6 + 1.2 .0.0 £
3 - 197.0  327.0 - -171.0% © 196.-0,- t.\q @ 30.0 + 1o.0" .J.o% -
ﬁ* . = . L]
4 - 42.9  21.3™  27.5 14.4 + . 2.3 1.2 0.7 +
\ . . . \e\ ’ ) Lt g * . N
, . 0 P=0.13 P =0.13 . TP = 0.06 P ="0.13 :
¥ - - 4 s . ' .-. b N -~ o
. ) . PR - < . o A
iy : - .1 ) R - ' - )
. [N R N . J . - . s - \ .\l-
. ~ fw . N e { Lt ‘.‘ v . . . . - .
. \ v S .. T . W
N { » ¢ . Y . i . . f . . . ] . & . ﬂf/l ) ;




' Arginine-rich hiéﬁgne Fi (5) was stimulated to a small

. to the F; (I) histones, fractlon l bolng the most reduced

ar32p &mgilability was Fon-limiting and that any differences

seénlin the megﬁbolism‘of AT32bey the histone sub-fféct;ons

1

was due to irradiation. ' ‘

[ 4

. Irradiation was found to decrease- phosphorylation _ .

, . - . .
of various oﬁ\the hiétone-sub—fractions. As a group,the .

-

very lysige“rich F& (I). histones (1-4) were phosphorylatéd
to “the gréatest~§egree (Tablé’Ix}, as can be seen by the
lower sPécific-aotivities of the arginine-rich histones,

fractions 6 to 8.- In some .cases argininé4rich F3. (III),frac-

tion 5, Jhistonc was observed to have the highest specific

activity.Irradiation with 5.kR significantlysinhibited
b

histone Fl (1), Fl (ZZ and_Fl (3) as well as F2a2 and sz: .

(§ and 7) phosphorylation (dpm/mg X 4073), P=0.06 (Table X).:
) L}

1]

. - R ~
degree by irradiation leh 5 kR X—nays,,P=0 13, while
gy

‘phosphorylatlon of Fq (4) and arglnlne rich Foal (8) was

only moderafely Jnhlblted by lrradlatlon, P 0.13. The

effect L,of radiation on phosphorylatlon seems. to be specific

by 1rrad1at10n.

Not all of the radloacleity that #és present in g

‘. ’ » 1

total hlatone (Table VIII) was recovered in the histone sub-

.

fractions. The purified h¥stones Were found to contain’ e

only 10 to 25% of the total radiocactivity that was‘layered

5,

AN

S



on the gels, Most of the remaining radiocactivity, accoun-

: tiﬂg for 40 to 60%, was recovered from that part of _the
ge{ nearest the originJ. Littleactivity was foundg::rthe >
bottom of the gel nearest the cathode. This indicates
that the spec1f1c activities of histone quoted in Table VIII
are contaminated by large amounts of adsorbed phosphate;
' most of which on electrophoresis distributes itself along
a diffusion gradient. 'Therefore,'the specific activities
" of ?he histones seen in Table IX are more'representa£iVe
of‘the true activity of thé histéneqprepéra;ions since the.
IValues were detefmined on more purified %:ig;igggi\"
‘ Irradfation seemed_;oihéve a tendency to increase
. the percent recovery of fadioactivi£y not present in®the
histone\sub-fractions. ‘Increased amounts of adsorbed phos-
phate rgtrieved f?om electrobhoresed phospﬁorylated-irra?
diated histones may be due to irradiation-induced reduction
of histone phosphorylation résulting in an increased number

of net positive charges on the irradiated histones. There-!

fore, more phosphate was adsorbed. Similarly, altered mobi-
. » ‘

A

lity of irradiaﬁed—phosphoiylated histones,‘compéred to

phosphorylated controls, is also due to an excess-of-posi-

- -

‘tive charges of 1rradiated hlstones.

e I
-

Because nuclsl' in vitro do not have a large Lnter—

| nal pool of histone 0r DNA precursors for nuclechistone

,synthesis, irradiation could.not have decreased the
N .
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1 . - - '
reactions of synthesis. Also AT32P was not limiting.

Tﬁerefore, reductions in phosphorylation after irradiation

- could not have been due to inhibition of histone synthe31s.

- Decreased phosphorylatlon could have been due to decreaseﬁ . n

~activity of histone phosphokinase mediated through °

thejaction of cAMP or an increase in nuclear non-specific s
' 149

;,

phosphatase enzymes. Since Shepherd et al. observed-

that methyl transferase and acetyLase activity are not -

® : .
. .affected/by 1rradiatiom, decreases . in activity of phospho-

—

\\Q%:ise after X- 1rradlatlon seems unlikely. Furthermore,

MJ'

the obierved sclectlve 1nh1b1t10n of hlstone phosth{yla-

. tlon would seem to preclude a general effect of radiation -

i

]

- on the enzymes that phosphorylate and .dephosphorylate

32

histones. Nuclear uptake of AT “P 'was not affected by ;e

radiation. Therefore,’it seems likely that radiation has

reduced the number of available sites for phosphorylatlon .

T

resultlng in lower phosphate content in 1rrad1atedx

histones.
&

‘Phosphorylation of F; (T) histones may be involved

in condensatlon and decondensation of chromosomes du;;\g

7,63,103 - -

mitosis Phosphorylatlon of Fq (I7 histone at the

time of 1n1t1atlon of DNA synthe51e and chromosome replica-

tion, medlated through cAMP dependent phosphokinase, is
vely’ radlosensrtlve63 167. Now, irrgdiatdion affects cell

o

.
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. “ ‘, ‘/' .
14 ‘f’
. . » .
division to a greater extent .than cell growth. The effect e

is most likely confined tothe nucleus, but not necegsérily
d ) ' , -
to effects on DNA synthesis per se, since DNA synthesis can ~

occur in- cells without divisionss. Histone synthesis,aud

r

»turnover is generally uninhibited by X-rays in mammal;an

tissue culture sysLemslo 11,59,61, 199. However, phosphoryla-

tion of Fl (I) histone is substantlally reduced by ‘radiation )

| as early aﬁ 15 min _after dose dellvery39 /60,62,121,122, 167 ‘

3 . '

In Pinus pinea cotyledons~«day 14) .cell division is
1mmea1ately arrested in 1nterphase as a result of 1 kR

dose delivery. Cotyledon growth was not affected (Appendxx

.

*1l). Analysis of “nucleohistone comp031tlon 1solated 21 hourg

after irradiation reveals that/there are decreases in his-

-

-~ tone cohtent relative to DNA which'seeﬁlto recover slightly

-—

by 40 hours after irradiation. Cytological examination of

2 day post-irradiated nuclei confirmed that X-irradijted

cells complete cell division approximately 2 days .after non-

irradiated controls and that mitosis is inhibited bg 1)hour

[ R
after dose gdelivery. Therefore, X-irradiation-induced delay -

of mitosis is presumably in Gy»

»

.
3

. Experiments with radioact%ve p;ebursors to histone
meiabolism in uublei in giggé indicated that X~irradiation 2
altered-thestructure of nucleohistone but not its chemical v
eomp051t10n. It is p0551b1e that 1rrad1at10n-1nduced reduc- °

’ tions of F1 (I) and anz (IIb}» < Fob (IIb2) phosphorylat;on



.% (

leading to an excess of positive charge and therefore a’

o

difference in physicochemical sdlubility, may have

‘resulted .in delays of mitosis by.preventing formation of

sister chrOmatidsl63. Radiation inhibition 6f histone

phosphorylatlon and consequent failure of chromatids to :

* v

separate may have caused reversjon of the cell to the

'interphaSeAstate, characterized by condensed ghromosomes

3

with'IOWer‘his;one contents than controls. X-irradfated

-

cells do not prog}ess through mitosis to Gl whergndifféren—‘ .

' ‘ . L] v (] * »
tiation’ oeccurs in this species, distinguished by Higtone

deposition into nucleohistone. Thag 40 hours after .

4

X-irrddiation .cotyledons do show mitotic activity and e
v A .

increased histone content lends support to the view that

h;stone d@positlon into nucleohistone is a55001ated w1th

’

progre551on of the cells to Gl and achlevement of the e

-

“differentiated'gtate. . ' : S, -
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SUMMARY AND CONCLUSIONS

1

[ ’ -

, : L This is the first reported isolation and study of

LY

X—1rrad1at10n effects on purifled nucleohistone and his~ .

i
-1

®
-tones from nucle1 of gyﬁﬁdwperms, in particular, a pine
spec1es. Nucleohistone was ;solated from purified nuclei

with demonstrated thsioleiifE}/capacities from growing

cotyledons of Pinus pinea. ~The physical characteristics

and chemical compo lon of isolated nucleohistone were

<

* ' similar to at of chromatln lsolated from other plant

’ spec1es at compa¥able stages of;growth Amounts of'hls—
™~ tone,~relative to DNA, in chromatin from days 15 to 22 of
germiﬁation was greater than that present in chromatig
at day -14. It was suggested,that histone deposition into
‘ehromatin is ébtin§ to repress both DNA‘replicatien and
also RNA synthetic activity in the later mere differen-

tiated cotyledons. Acidic protein and RNA were also

Hlstones isolated at varlous stages of germtnatton were

purlfled and were found to contain 8 electrophoretlc sub-

1 4

fractions. . Chemical modification by either acetate or

-

S phosphate incorporation altered mobilities and increased

3

o -

the number of histone moieties upon electrophoresis.

X~irradiation of nuclei in vitro with 1 and 5 kR

L

X-mays did not‘significantlj alter the physical or chemical

Ml
/

L i found to Be significantly increased, -but to a lesser extent.

-
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[
’

. , o
characteristics of nucleohistone but did alter histone

mobility upon electrophoresis and reduced Fy (1) histone

'phosphorylation to é’significant degree. When cotyledons

were)bﬂrradlated with 1 kR X—rays,-and then stored for
approx1mately one day after radiation, differences in the
chemical composition of nucleochistone were observed. Lower
histone contentslof nucleohistone from cotyledons extracted

hours after irradiation were suggested to be related more

" to X-irradiation-induced delay of mitosis than to direct

~
effects of radiation on the nucleohistone complex, or to

synthesis of its oomponents. This view was strengthened

-

by the observation that in vitro X-irradiation of nucleo- .
— ¥}

hlstone and hlstones followea by electrophore51s did not

1nduce changes in hlstones upon elecrrophoreSLSJ/X—lrra—‘

hd *

diation of only high concentrations pf nucleohistone in’ " C .
2£E£Q resulted in changes in spectral characten&stlcs and
decreases in T , hypochromicity and decreases of relatlve
viscosity. The effects were explainéd to be con51stent'

with a 'single~target-multihit' model of direct‘radiation .

. effects on macromolecules in agueous systems.

- o8 v,

revealed that acetylation, methylatlon, and esterlflcatlon

of histones w1th KHZ 2P04proceededat low rates and that

‘none were’significantly'affected by iiradiation. T
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™ . .
“and histone allowed éounE/ng/ﬁf the 1nd1v1dual histone

sub=- fractlons /X<ffiad1atlon Wlth 5 kR 51gn1f1cantly de-

1 (1) fractlons 1, 2 .

/ and 3 as well as histone F,a2 (llb2) 4na F, b (11bl) (frac-

creased phosphorylatlon of histone F

¥

tion 6 and 7) whlch were not always completely separated by

electrophorésis. It was suggested that one of the’ contrl-

v S
buting fac%ors/for radlatlon—lndué;d delay of mitosis may,' )
be.the lack of enough phosphorylate (I) histones, . e R
believed to‘bg important for the éoﬁden afjon aﬁd proéres~
sion of chromosomes throuéh mitosis. o - : —

This study has made it obvioué thatiiﬁ future, for
the purpose of,more detailed work on this same topic, , S

synchronized populations of‘mitétically active cells would
have to be used. Determinations of nucléohistdne“content
and degree of phosphorylation ék-histonés would have to be

» studied at shorter intervals- in order to ascertain more

— ¥

exactly the beginning of the effects of X-irradiation on
. nucleohistone and g/;tone metabollsm. In this way the

synchrony between h one deposition, phosphorylatlon of .

&

Fy (I) histone and X-irradiation-induced mitotic delay and -

: 4 . :
. their relationship to cotyledon growth and differentiation

e could be azcertained..

e’ s . \
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Co ' APPENDIX I -
Mitotic wonw<wﬂw,wb Apical Segments of Cotyledons Following Exposure to.l kR at Day 14.
t - . , S .
s . - , Y
Stage of Non-Irradiated o _ Irradiated ,
Germina- No. .of Cotyledon Mitotic No. of Cotyledon Mitotic,
tion . Cotyle~ length Index : Cotyle- length Index
(Davs) dons (cm) (%) - dogs (cm) (%)
R w
14 " 8. " 4.17 + 0.12 1.29 + 0.60 "5 4.32 + 0.21 '0.Q
' . ‘. ’ 7 - T ; . .
15 ~ 7 3.96 + 0.36 0.79 + 0.48 . 2 3.53 + 0.22 0.0 . .
. h e
N - . ?
16 8, 4.56 + 0.21° (.08 . 8 »24.28 + 0.22 0.61** + 0.21

" 17 . 4 5.30°+ 0.37 0.0 7 4.67 + 0.20 1.34%%* + 0.16

2

-t

™~ ° . . R \

.* 1 hour pbst-irradiation . . -

** 'Chromosomal aberrations observed in-15% of mitoses. . -

*%% Chromosomal aberrations observed in 10% of mitoses.
. f
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