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s, - .Y kn illustration” of <he problems that beset work wlth
e - . fibre x—ray diffraction patterns- 'has been provided’ ‘by
o Donohue who has pérsistently questiona=d the correctness of-
' the t adltlonal Watscn-Crick = base pairing . schéme: (e. ge
Donohpe” 1969) . Al‘hough the welght o~c evidence now_ strongly" R,
favoyrs traditional rairing, models ‘'can be built, " using ' ‘
Hoog/stzen tase pairing (Arnott and Hukins 1973) that £fit the
diffractior data. b¢t+e* than the orlglnal Crlck and Ratson

‘mgdel (1954),

AN
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LT stlll largely empirical. Tunis—Schnozder and Haestre (1970)

‘were able to o%taln CD sp

asra ir thfq films of DNA unger - .+

condltions where 0 ne

o ‘\'be Presem* -Thef':"formv was found ;to have'ri :
- ? ellipt1c1ty near 260 nm, ard a str7;g negatlue trough near
210, nm. In_sone samples of DNA in the .; form a second
T negaEQWe elllpthlty trough 1§ found at 295 om. This is
ys, U o variable in 1nten51ty suggest1ag that th@ A form is a/faMQly

'of structures rather than a single form (Brunner and-Maestre:

1 o74), ‘The' spectrum of ~Au form DNA resembles that fof."-o~7

[~ 44 B

[

solutlons “of" double stranded RNA whzch forms crystalllne L

Ay

flbres Hlth structures 51m11ar to the A form of bNA ( j

196?). The B form shovs we

p081+1ve elllpt1c1ty near 275

~.and a, negative trough near 2&5 nm. The 8mplltudes Of the,

) 4' S p051+4Ve and negat1Ve e111p+*c1t1es are approx1mate1y egqal.
o -

Thls spec*rum closely resembles that of DNA in 0.1_'h' Nacl,
L o _ :

pr3¥1d1rg ev1d=nce : tha* . the 1att°r has a llke ;.f

8

N . N A’ ;o AV':“
v co&formatloﬁ. r"he C form lackQ the p031t1ve‘peak at 275 nm,'7;y,ﬂ'ji

.1&*24 has a negatlve t fou at-245 nm of the samealntenSlty'SS'}/-i ~‘gi
2 . . o . co. . - v L .v /‘ , - o . / O '.:.‘
L __e B form. - o L R SR RV

"" . Ce s e e ...«...V..rl'—»-,—.-jw- - ‘.~- R A R e s etne '«"“""" 7 /

Further Tev‘dehce that':ther B form -of the hellx {s -
présent under phy51olog1ca1 condltlons has come from _/—ray 'f'-:f:'r
scatterlng studles ~or -DNA solutlons.'varly studles of - the' -
loy".argle' X—ray 'scatterlng 'ki;é.r'scatterlnq at angles

N correspondlng to‘ d spac1ngs greater than 10 A) shoued that

the mass per unlt length of DNA 1n agueous solutlon 1s close

Q".

- T AR T
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eto tha calcnlated for the B form of the ,moleCule yhzzahi

et al, ;1961 Eisenberg and qohbn 1968). Horé\recentﬁy the

"high anq e x—ray Scatterlng (1,e.;ﬂscattering dorrespondinq

~,aﬁﬁraf“fﬂ‘,v

) compared
”“B' form BY .

'1mprove zthe

"strcngth of 0 (‘5
- X—ray _scatterlng f'r @ B—llke conformat*on 1n nue

©and _nucleoprotamlne

'scatterrng from‘-histéne

}:to.‘d spac1ngs between 3 and 30 )" of DNA solutions has been':

o the spher;cally.averaged scatteting éhlculated

- for the A $ and c fo:ms (Bram 1°71)- Th%,scatterlng proflle-

obtalned (o rresponded most closely to that Predicted for the 'f'

docreaelng +he uindﬁng angle betégen adjacent

the helix from 36° to 33° it was possible
' ® -

agreement between the ck culated and observed

\

base palrs of

Al

) scatter;ng. It'should be nofed that the - 1onic: strength Qf_j S
uences the wﬂgaing\angle of the hellx (wang,‘p U

. 1963). These ex erlments . were _carrqed out t an 1on1c

the. solutlon 1n-

b .-/

. here is ev1dence from dzchr015m ’and

complexes _.(Bradbury et al&

-?enghelman et‘al.i 19 5)., vhe hlgh angle x—ray scatter1n9 ™

pattern of nucleohlston_:(Bram ﬂ971) 1s Suggest1Ve oE +he

'

form -of: DNA. uInf tﬁe

.

. ‘d"'

eehistepe[

last case contrlbutlons to the :

\ o
.obscured the flne structure.;.

ay

LR IR T

Pnrthermore the nucleoh;sto4e useﬂs;n these experlmentsauaS-i

N

<

its

€1

r1g1 d lt y - i's the .



;f,' pq;t ally compensated by a decrease in’ the paftlal _specific 7;d"

of the. long wavelength p051t1vP opt1ca1 rotatlon of DNA 1n‘ﬂ§;¥f A

1991 %he flexiblllty of DNA cadﬁalso be observed by studyxng

'the” effect of ;oplc ',strength :Rbhffﬁthef‘ sedlmeniatlon

5:5016me (Posenberg- and Sﬁudler' 1969, R:nOhart and Heatst

e ' ) . . . : . i .

of DNk as the sal& ccncentratlon lS ralsed above 1 u.t-Tunls

e+.‘_J (1972) have noted a marked decrease 1n the 1nten51ty

(Sc:uggs and Ross 196¢‘ Ross and Scrugqs 1968. Hearst g;.gl&

196% hav¥ Qi\bwn' dramatic decrease i{tn the J.ntri‘nsib

vrsc051ty af DNA as the ion%e strength is increaseigﬂmp to

O 6 n. bove this salt concentratlongtha 1ntrin51c v1scosLty S o

of DNA remains alnost copstant. The effect of 1onic strength

-

4' SOt

ccefflcxert.,,é~ the effect of decreased r1g1d1ty

""A L X ‘I . . ._~, PRI ' n"‘"»‘
.. : . ..'v‘_ .

- ‘ o
R .

’”fThere 1s ev1den¢e for subtle chﬁhge 1n the conformatlon

s H \ ‘& - u_.A LT

and Hearst (1958); Tunls—Schnelher and Maestre and Studdert

concentrated“salt sohntlon. Hhen the change 1s ohserved‘yﬂv/

\

o i‘ 'zpretatlon has been obServed ;nf'closed c1£cglar DNa, :ffguf'"

thereu.the“change Qh average wlndlng angle of the he11x 1S;jff3

. chrcular : dlchr01sm ffh;_'spectrum ein concentfated.—qelt
_ ‘solutlon.»ls :llke that of the C form 13, th;n fllms n*L;,py
.'- ; ) { . ,; .‘| - : ’n. ".'.', . '
(Tun15~$chne;der and uaestre 1970)-‘H‘QJA“" S
s Overwlnd1ng *ij': the r'helii“ 1mp11c1t =;} thls

Y Y . v Lo ;
R AP RN



.',

effect ‘was. first noted hy Ge"',
studieﬁ a, quantitative bags-: "
interest that entirely nﬁsl a&ig

";} odé and ucHettie(19€§) 1n qnp,

bncluded _hat.in

‘_” .
:ﬁeased .

V"- ve

' superﬁ=11ca1 turns nn

"f ThA apparent dlfferences

attrlbutable to: the greatex flex;blllty‘

e

.- -

Lt

uhder the Plgh 1on1c strength spreadxg; cqndlticns.a.Q

patterns on relatlve humldltyi ”here 1s some ef&@ence

AT base pairsf have

.‘*?Pfij" varlatlon iﬁl the

‘belng prlmarlly due ta* stnonger

*?jiﬂfﬁf (§omp051tlon 1n CsCl

fT palrs*than GC pairs. B;ahms and Pllet

(1972)ff’using IR &ichr01Sm study the effec& of base
- o - e

comp051t10n on the relatlve humldlty at. whlch the B to n—,
"

transl+1on took place, found that DNA Hlth hlgh GC content /“E;a'~

"underwent the tran51tlon at hlgher relatlve humldzty than AT y{g

a

.. - . . R . .- ‘, R 4' .,. S ,_“-__,_ . L n . . e [ R
ST rlch DNA.;» o A PR 'M;,.-f;.;j ,;';;:_-;y T
. A . . . B co- : _. . ‘_,,\% .-. /- - S S e ,. . f H o S .v : .‘! o ST

‘ '-=__~';,, A Effects such as g:h;.s may have an 1mp'orta.nt role- in. .-

ef ﬁlng sp901f1c1ty of blologlcal lnteractlons. Fbr example:-“<.;ff

‘\ R GO + . v .
. e R e
s ‘.A ; . - L ‘.a L . . .
.

i
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.
e a
# o

o o
s ( ,'ea : SR
interadt nore strongry wibm A in thega confbrmation thanv_

R . e L . i
“ g;u 1;' _ _e Be A bind selectively to a GC

o : '1\ ; $ .
rich regioﬁ, 81nce the freé#-eqdkgy ’required to . dehydrate‘
‘ . ‘. S - T

suchn reglons promete the transitidh}from a B’ to an" A

\ . .

: %
conformarlon s 1ess +hah that requlred

,Q

ri.au~ AT' r:.chL

.y * "

e’ region. u, L ;ﬁgfﬁ' G;f'_."k- if__ R ae

’ oo e ST j N LR
o The ¢',7ve- blnding of arglnlne rlch hlstones to. GC

{\;1ch reglons of the péi (Ciark and Felsenfeld 1973) Ais"e

.....

probable exaMple

-

suﬁh ?e process. Thls hypotheszs is

supported by the:observgflo that annéaled cOmpleXeS between

w -

Dﬁn and the arginlne Ilﬁﬁ hlstone; GRK have CD spectra., ENEE

l'\

similar t@L,the ’A form’(&hih and Fasnan 1971). In contrast

_‘u-

polyfysnpe and 1y51ne rleﬁ oﬁ tene KAP 'shog preferentlal

g7 i [/rl’ 7
ri@k

reéioﬁg (Shaplro e't'

. ‘ U [\’\/’. iy .

ﬁaracﬁsrrstlc CD spectrum 1see page 12).
2

Egn;f&cantﬂﬁﬁﬁt kﬁe state of modlflcatlcn of hlstone -
. " o [
_ ff*ktP has«a measurable effect on the CD spectrum ob+a1ned from 33
ST th&-complex (Aé%eg—st‘il 19719.‘r,5j¥ A_“;;f ;"1itffﬂff,.f"}e§: 2
,“'“?;ﬂ!;;~g*w : T it ISR
“""DNA cbnfnrmatlon T.Canf

~'”1 _1 69), «wlth '

: . . »
RO . S

2 - o RN .
I . non-aquenus solvents. These grobably exert thelr effects by
ﬁﬁ;};?*f f} reducr&g the hydrophoblc stacklng 1nteractzons between the : 3

baseé *Fheﬁmost commonly used observatlonal technlques iﬁ- j{? Fﬂ°f7

thse studles have heen CD and ORD, whlch permlt gualltatlvei

‘:;» assessment ‘or the ccnformatlcn present under the partlcular"

e solteptf COndltlons employed. Por?_lnstapce it ~ha$ Ebeen, ST

e



T
-.'"

uommaerts (196“) f&r DNA‘ln'BO% ethanol solution is : he"to -

. , ! ~)' Ly ' .
b—"f‘ff. g ggested that the CD Spectrum obse ved by‘ Brahms and

W an Edike

. B il i A " e ?
o L. . ) . 4 L

=

contalnlng ‘0 05 H KFe Luzzat1 et g (196“) have shown by

-lou angle x—ray scatteri;'

fﬂrgf' - 3n eXtended conforma ov st gl. (1973) demonstrated

R the 1mportance .of the nature
CA T o 4‘...

A L
[ER determlnlng the appearance of the CD spectrum -ob+a*ned for

.

*DNAf.ln methanol wa*er mlxtures, addlng another dlmons’on to7

the . problem of{homparlng the work of.dlfferent authors. "

ey

"' ‘,fég;ﬂ L Recently doub&ihag been raﬂse

- ’

_ ',‘(»1'6543' 1‘976 -"197i)',' | and:‘ m on and. Johnson_ ' (1970) fhave’

at DNA ‘in ethylene glycol is. ih

nd conceﬁtratlon of Salt 1nj

abOut jthe valldlty iof
7§§f{i;‘v _"1nterpretat10ns ﬁ(DNA CD spectra 51mply in terms of the Ao;_-‘
B or c conformatlons of the hellx. Under varlous condltlons‘

QNA“ecaﬁf:edopt a ,confonmatﬂor whlch glves rlse to 1ntensed’

observed C- Iike spectra for DNA dissolved in ethyfené glycol."

"“3Fﬁ_ negatlve elllpthlty near 275 nm. Thls has been called a P51j7'"‘v

[ AN

.g{urt'«ype of spectrum.l(Jordan et_g;; 1972)-_‘Studdert" _;1=_
e ;i ) ob*alned ‘such spectra fram sglut;ons of DNL in 6 M
: Lgilﬁoilecl at lou t;mP°ratUre.,Slnce the trans;tlon from a B—llke”~i'“
ST . SRR
-i' ‘f;;i "‘spectrum to a C-llke one wlth dncrea51ng salt concentratlonjf'
%i DR K‘lq contlnuous u1¢h +he tran51t10n from a” Crilke Jto .aafgsri :
\.,/{fl;dﬁﬁj-type' of spectrum wlth decrea51ng temperature it vas. thought‘”*‘

7;;,cha+ a 51rgle mechinlsm was probably respon51ble for both.'

- tran51tlons,v and suggested that t11t1ng q¢ the base pairs "

‘tﬂﬁosslbly accompanled by a chanqe 1n the w1nd1ng of tbe hellx"~
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°°“1d ‘be .re§P°ﬂSible‘.for ihe spectral Chanqes. 7Othetfr*fﬁ° ;

PN ;s.‘.“ e 4
o situations in ~HhiCh?PSl type of spec*u\ has been observed
‘ E P e

n DNA and polvlvsine (Shaplrd\gt
' \

Lo T . i : Ld '-
T 1072 and 'in a condensed state of :DNA resultlng from

_exclnd volume 1nteracticns ul*h neutral polymers isuch @%;:;;"y y
| polyethyl neglycol (Lerman 1°71, Jordan =t l, 1972). In”
'_recent srud of thls state )of DNA by 'hlgh angler,x—ray

scqtterlng ( anlatls gt g L 197“) ,theT rather surprlslng

‘-%" ‘ .

' ;w-concluswon was reached that the conformatlon of the DNA:an_ o
) . : "h : .
" ~the condensed state -is. very srmllar to the B form of the.

)

d"hellx, although some dev1atron was observed from !%redlcted};
ﬂ"scafterlng .-at very blgh angles-L This- flndlng 'was Jin dWVV'

agreement wwth .the‘ conclu51on reaChed hy Hayne et ai;;a?f‘ o ﬂ
» e 4% <
(1970) 1nl*heir study of the poly1y51ne - DNA Compl“x.-‘ o SR

s . - ' .

w0 The: unpsual optlcal rotatlon of DNA in the Psi state

C e

;bas been attrlbutedﬁto 11qu1d crystalllne behav1our. of the”
. condensed phase. Concentrated DNA solutlons (Luzzatl et a’l.'

"wi}[ig_ 1°§J) show a peak of X—ray scatterﬂng due to 1ntermolecular-

.

‘,spaClng, demonetrating a llquid cr?stallln° lattrgp-ln theseﬁf
. oA iy
SOIPURT N solutlons.‘ However 'such solutlons do not have the optlcal-"

~

5 propertﬂes of PSl DNA, althougb spectra ‘of thls type can bee
f?iobtalnod - low relatlve humldlty in fllms of the llthlum .

'Vsalt of DNA: and dAT dAT (Brnnner and Haestre 197“)..

e . . iy
LY o . . e . A _'..'~,’

 ﬁnusua1ly.]strong‘ optical : rotafion 1

o e
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. / el ""‘f A, A ‘?} i qs.&q el ;,:’“:, S ‘,‘-#ff ... L
Dol T o e R T g e M R T e
L ' "'.;l- . 5“3" L B [ - :

;EGQ%L"{ . cholesteric mesophase liquid crystals wheré fi is associated’flf17

vith regular ro%?tlon of’ thf liguid crystalline planes withﬁid“as

f/v respect to ong ahother- It is_p hle that a regular chahge'ﬂ-;,l

TS ' : 'y

R S of DNA llquxd crystalllnev planes could cause similar'y-w”
ol TN K ‘ .

.ﬁh; »anomalous Optlcal rotationt As 9111 be discussed below the".*

'ﬁfﬁ3cfi‘;‘ si mplest vay in. whlch thlS cguld be cachigged involves

. ’ﬁ P
S S

: superc0111ng of‘ the DNA. \Haynes -et‘a;.: (1970) observed‘

pecullar donut shaped‘rlngs 0 2 mlcrons 'ln‘ dlaueter whenﬂf
examinlng suspensionsa»of th DNA-H‘@Ylyslne 'complex bylﬂ o

| olcctror mlcroscopy, Simzﬂar rln S ’wd michns '1n dmameterfiA

\\‘ 7 e ' -
were found by Evdokmmov (§§73)q¥% solutlons of DNA condenSed,"
N R i y
ﬂlth polyethyﬁenegljﬁbl. by DuPraw 1n frbzen solutlons df_- e

i RFI DNA (1967), by filmenko et"al. (ﬁ967) 1n ruptured heads\[

< ) .
of ba ophagg; T2, Luod' by OllnS\ and Olins (1972)

comp%ezos Of hiStones KAP and GRK ulth T7 DNA. In thls laft agﬁlll

L d

Mfﬁi;%; dependlng upon thelr p051tlon relat;he to. the centre oﬁ, :'jﬁgef;w;

frf exampl linear aggregé&es were also found, whlch sho edﬁ_ '
é,f "“.ovldence of gentle superhelﬁgal c01ling of the aggfs)‘fed

.f' RN strands 310n9 the 1eng+h of the aggregatn.,DNA molecdljs,lnﬁvTT:i(;
e suchﬂ. ‘ aggregate- vould have dlfferlng v orlentatl'nso:;f;g

aggregate (see~ flg. h}j; Tor01dal aggregates mlght easiiyiu

’3df¢ form by wlndlng DNA strands ‘through -a, 01rcular nudleusl?*

}_l&-". (formed by gentle bendlng of a 51ngle double hellx). Herel»W
S el ‘ e "
:agaln“~he orlentatlon of successlve 1ayers would change as

e 'the. thlckness Lof7 ;hé torus. 1ncreased ‘(Flg. vg)f' Thesc.il

\ .vu . .
\ . o (

larrangaments of DNA helzces are compatlble v1th 'l sllgh*ly'

V‘dl_r,;~dlstor ed B form hellx, Hould‘ bs sslf llmltlng';n,;he;r”

K -
-
S
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Ptoposed Relahons-hlp Betwun Pm:h and Rcdws of Supethnlix Sraw

for OﬁNA"A 1ﬁdquyfw,;A¢ @";

D
k)
14"

. ST !
IR ‘

. r‘\v :

iﬁmrlguréf1 Layers of superhellcal DNA mof%cules with COnstant"f”*
"sUperhelix density.

-Rotation ..of . layers' of helices with };3;

‘respect ’ to. each other is .most apparent at ‘the”
dlagram. Altetnatxve arrangements can. proposed wzthout

constant superhellx dén51ty. "tis o

24 Proposeu arrangement of - DNA hellces in a tor01da1 f}yls
N

_;."’5” Flgure
F w5 5undle (after M. .C. Escher *971). \In“thls dlagran the pitch -

of the superh°1ﬁk 1s constant. RN _ L el




the fotn,of : x-—:ey"".'." "

‘scattering peak qnt 110 A (naniatis gg_g_;_,_ 197“) a’nd avo:.d\-""f"-"

the need for the sharp folds in the DNA squested bX thesa'i5fﬂ‘*'“

T*"’ study ©f lang (1973) on the sf:rwcturé o DNM\m/ PVEAS
;:: d ~~j21 aqueous'e‘hanol solution 1s of partlcular 1%ﬁéﬂé$¢ Slnﬁﬁ 1t
" o prOV‘dﬁS : .vzdence that DNA can 7 b l

presence 'of prga‘nic solvents,

proteln 1ntefac+lons.'.§§éj

¥

3y

. s - B I

»j‘,study are the -lov 'céncenttatlons fﬁpi:f;ﬁﬂlf~femplgye

N

i

(ap roxlmatel G 2 mlcrograms per ml) and the ﬁbderate 1on1c
3 Y

. i
Under theSe
) J*"\

condiuiOns 1ntrastrand 1nteract10ns’compete effectiveI"wlth
., ._‘_;y

e

~\f'strength“j0 15" i é 2 .f ammonium acetateg,

"Fgﬁf:; g@, 1nterstagndg1nteraqtlons, and 1t>15 90551ble to observe the

SR abnfgfmatlonal‘\changes that‘;

£l . DNA wlthout lnterference by largé scale

. . -

N .

condensatlon lare co—operatile,.f nd that eacbq,fffi

"‘Q}Q'?ilnvolves;ea “ approxlmately “- fold c"ntrac aon &n length

"‘Q“stages offi

=~ jKuy

e “accompanled by ;?4. fold lnCreasP 1n -d ameter.‘ These

R - "

.. .... . "r .. M
Tl ‘:e,sul‘l’-c can be explaa.ned 1n tarms of lengthuseﬁldlng

LT e T (Flg.3 1), but 1t 1s necessary to acsume that the molecule
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is neatlx folded three tlmes at each srage of" condensatlon.

“~

”his need not be an overuhelmlng argumeni agaznst such ‘an

[
”

arrangement,'i groups FOntawnlng 4, 16, or &U parallel

hellces‘have much hlgher stabllltles than groups contalning

Other mnumbers of. hellces. The alternatlvn explanatlon is

R S

o -

. closest cortact that adjacent urns of a superhellx can make

superc0111ng where doupl ng of diameter is due to the radlus

'of the n'th order of superhelix belng one layer of n —"1'th

'order superhellx’ and -the tour fold:decrease in length is

" due to the four fold increaseé in cross - sectional area at

constant molecular'volume (Fi§:3-2)o‘ This hypothesis runs’

~into greatest dlfflculty when ﬁodels are consxdered for the

‘flfst order of super00111ng.;

.In crystals of DN A below;.190% relatiue humidity the

closest ccntacts between neighbour¥hg duplexes occur. at

.. . ) ) . ?

approxlmately 20 ‘A, Let us'assume that this ‘is also, the

with each other, (1 €. the mlnlmum pltch of a cuperhellx is

20 A)-;-akﬂng this number as .the foundatlon .for- a "dry"a

~ . . .

- model of a. fl;st order Sugerhellx 84 A oF DNA 1n1t1ally in. o

tne 3 form must form a superhellcal turn in order to account

¢

for the U.Q fold axial compressvon obsetrved by Lang. This in -

turn requlres *hat the radwus of the superhellx be - arouna 25A
RN \

cfbse to Value observed by Lanq (206 Jh). Howev*"v thls

'model requ1res such severe dlstortlon of the 11near hellx
',+har_1+ is unllkely to correspond to the form present under

,the relatlvely m*ld condl ons.requlred to promote the'firszr
\2 v N X

N



Y

"

order of comMl
acetate). .

a
z

An alternative model is a ‘"wet" “one for which. a

. s

19

sation (10%lieth8nol,",0.15' M ammonium

) <rea§onable l"pitchl would be .38. 3, -(ghe. distance of'

.

AJdVerwindiné of 4the 'prﬂmary h611X- 'The,'measurement .of

1. (1974 in

(83
=]
' 2
iy
a]

Psi -DN2 at relatlvely low polyethyleneglycol COnCEntratlon).

qﬁnce +he end- to end contraction observed by Lang . for- the

—

first tf!nsltlon was 4,2 fold, 160 a o?’ﬂ.?fturns of DNA

initiaIlY in the B~fotm,vouldvmake one-turn‘gf”'firsf order

superhelix. = The ° diamster of thY superhellx ~in- this

' particulat model would "be 70 a, which is conggderahly

~

within experlmontal er*Of.,Ir thls model the distortion of

v

. the .helix is ~less -severe but 1s st111 con51derable when

' comparad to the 8 form of the hellx.

v - -
o

An important charaCteristic of -a superhelix is its

'nhéhdadthQ..'In this .regaLd a numb Llea‘tﬁe §uperh§iix

\

the average r‘ght handad wlndlng angle betvenn, neighbouripg -

base palrsl/ 360 — 1- Slgma is a measurs of the distartion
; 4

"of'thé'hslix away from the-llnear B form. Th@ dlStOFtlon can

B .

v ~

g

greater *“har th 40 A ostlma*ed by Lang, but ﬂs probably'
R

“,density (51gma) b@comos 1mportart, wh can be defined as [

~.be man;fesuod elther 1n the»form -of. suporc0111ng abédt an

axis separate; from the hellx axis, or by: an upulndlng or

superhellx deh51ty is covs*dered 1n dntall on page 27 This

\geflnl*lon is more general than the standard dcflPlthP of

oo . 5
. . s



‘supef%elix density. USed i‘on page 27 in re%rrrlng to closed

L

c1rcu1ar DNA since it avoids the assumption K;Aa .superhelix f,

axis separate from the hellx axis-.For a. 11 ear DNA duplex

'y

in.the B form 51gma is 0, for DNA in the A form it is =0, 09
‘ B -y

end for the . form;[it is (0 075.:The Valueoof s1gma is

 illustfate -the; way 1 in- Avn;ch superhellx Zdensity in

’indepeneeA%,of'.tﬁe choice Aof j?t‘lix axzs. Ia order to

i:a- ~.‘

combination ‘ uith*}<ax1a1 compres51on, ‘ratio  and . ghe

~ e

superhellcal pltch can be used to generate reasonable models

for svperc01l fig con51der the superhellx dens¢t*es of the

;models dlscussed above. Thus in the "vet"'moépl if 4.7 turgs

of B form hellx is wrapped once around ar axis ‘in] i rlght

.handed dlrectlon the resultlng superhellx den51ty is 1/4 7

or +0 21 'if i+ is wrapped in a--left handed dlrectlon it

eithér\"greater or smaller than that due to superc01ling 1f

- would be et 21 The value of the superhellx den51*y could be

[y

.[thc prlmary hellx ware 51gn1flcantly dlstorted wlth respectr

f

;_phosphates of adjacent hellces, when the groovec are nearly'
.egual in's1. (as In the c form). The superhellx den51ty of -

- the "dry" model ﬁlscussed prev1ously would be t 0 u.~< ' .ff

1.

L&)

. . . ¢ B . C e N F
handed, angd the’DNA had an -average of. 9.3 re51dues per

pfimaiY- hellcal turn '(i.e. ihe'c ferm) the net superhellx

deﬁsjty would be -0.1. ThlS part*cular model would have 5.2

turns of primary’ hellx_‘in oﬁe »:urn nof superhellx. The
:presenee of:annodd:number~of-§uarter.turnS»u(ergm 5 25)

ons turn of superhellx mlnlmlzes clos='£ontact§ betweer the

>

tq'fthe, B form, . For exémple. if the superhellx vas left V,
S e S .

-y
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‘Conformatgonal changes 51milarr to :hose .obsérved

'ethanol ,sclutioﬁ occur upon ‘the addltlon of salt (0 1 M) to"
. ry :
extended chr%)atln f1brlls prepared Ln u M urea' (varshaysky

et al, 1971)4 Th° cbllaPSe Of the Structure depends upon thed,'“ ¢

‘r7aahglé f X—ray 'lsCat+er1ng proflles of preparat;onei'of

. . - T
T . . . - . . . . . PR

1pr§§€nC€ oI the lys’ne Tich hrStone. KAP. Unfortunately'

-beCauSen'of the nature of . " the" preparatlon accurate,- o

','Several._workerc (Luzzat*,and Nlcblaleff 1959 1963.,&11k1nstl;"

et al,-195° ?1chard= and Pardon 1970) studylng the lonv

efnucleoﬁlstone have observed maxlma correspondlng to spac1ngs”‘
K,fof 110 55 ' é?,‘rzz;rtand- 18 dd:c Pardqn ‘and Hllklns'eu
"-1proposed tbat these arf= orders of reflectlop arlsrng from a i
o ba<1c(perlod of 110 A, whlch they 'suggest represents:°theT;ejr$'
' ,pltch~ ofe a' superccll wlth a radlus of approxlmﬁtely 50 A«jr‘.

“A'Thls model aarees' qualltatlvcly wlth the observatlon'”of;;"ya

measurement of the ax1a1 compre551on ratlo was rot p0551b1e,

“. a rough estlmate of 3 - 5 fold was obtalned whlchfr~rf;

str51m11ar to the f1rst condensatlon-observed by Lang’ (tbell

-sam%les in these experiments dldi not .contaln‘ divéieﬁt{,f

' -

catlons)
: B T C S ',",

" Various modeis"ofj'*chromatir _sfructure"'1nvolv1ng"‘;

dsupercoéling of the DNA have been proposed (eug- Cole 1962: S
RBram and P15l197°' Pardon and wllqus 1972). f: these thelzw

"on of Pardon and wllklns (1972) Hlll be dlscussed srnce 1t""

.. .

is the mos+ recent,' and hael the best _supportlng datay3w"ﬂ;7

&

”flbres_ 10C 4“2- A in dlame er in dlspersed chromatln in the



7labsence of divalent cations, and in interphase 'n@iled (ﬁis

and . Kubalj 197D,> DuPrav and Bahr 1969). Thesewhave”ﬁ”4‘

!'called type iy flbres.‘Flbres of 1arger dlameter (250 soj.i*fkl

HA), called, +yp° B fibres are also found 1n 1nterphase '

I
Lnuclei,vand dlepetsed chromatln 1n the presence of divalent

L
g

i
5

'ljbqsls of x—ray scatterlng..These numbers are con51derab1y

catlons.,h DuPraw~ ha "es+1mated the minlmum DNA axial

f(DuPraw~ 1970). greelng uith the estimates of Bram and Rls,fﬂ\f.‘

(1971) and LuZZat1 and Nlcolaleff (1963) proposed /oh?fthet”'

°

} greater than the amlal compresslon ratlo 'of ,2 8 to ‘1f.§

\dcalculated nj the bas;s of Pardon ana ullkﬂns' model

i-?overlap of superhellces 1n solutlon, and the dlameter of the

?Jg'the superhellx. Pardon and Vllklns overcome°thls dlfflculty

;“fby suggestlng that the nucleohlstone superhelloes do ln fact

hel&x Hlth 1ts histone =heath 1s 30 A (the 1nterhe11cal

‘tifdlstgnce fcund 1n very concentrated nucleohlstone gels+ then

‘ﬁlfa maxlmum of 17% of the.avallable volume ulll be 0ccup1ed by

...

®

v"overlap N in" very concehtrated solutlon._vmh packlng

datAfja‘ groups contalnlng from;one +o seven superhellces
ﬁ?ﬂ&ﬁingw a- common axisél-f ~~»plectanem1c , groupy

”5'arrangement appears to be 1rcompat1ble ulth the observatlon

that chromatln flbrlls contaln only 1'51ng1e &A» duplex

If DR “J 2 m"5-gf

(DuPraw 1967).,».‘tA%.' SRR '_{H‘lheifﬁflf?f:};;ftjq.:

Loe
v te s N . t
” . .
- '- ’

ni'compression ratlo of the smaller type A flbres to be 6 to,fiif'

_furthnr dlff1culty wwth thls model 1s that if there gis'fnoﬂfv;;‘

5 .

"Thls——fﬁ




.'.order superhelix is considerably 1ess‘ thapu“110{ A;gihe;*;ﬁ,4?1
S g S TR
‘»‘probIEm then becomes one of explaining the observed ix-ray

R fﬁﬁ}ﬁn conformatlonal change from B type to A type fibrlls :ﬁ;

EV”iffg:‘ls aesoClated with removal‘ief dlvalent .catlone from .ghe;¢

v

nucleohlstone (Rls 1b70)s~Thls can be correlated Vlth a loss:

Qﬂwif- :ijfﬁ_characterlstlc X~raf'scatter1ng that Pardon‘and Wllkinseff

;fffl‘ asseeie{e with =upercé111ng, and the appearance f;fazﬁﬁeyﬁj“"
X u?;;‘ X-*ay dlffraciien ‘ﬁaxlmum:hat 39 A (Garret 1971). Let usfl,iaﬁf
. Suppose that thls represents the : pltch of , flrst erder‘v..f?"'V'
) !ﬂ?;i superhnllx '@;5?~37V? SRR e T .f
?{:i{fi sifevgv ev1derce‘ that the.}eﬁ:%;zmﬂ .

VarshaVShy

et_g_

1n dxameter. Under these condltlons thej”'”

"ch have been sequenced ,contalnf basmc reblons'ﬁ

- Vi

”'min and carboxy tffmlnl w1+h ‘an 1nterv%n1ngfﬁ:ﬁ

\';jreglon (Hnwllca 1922_;f'suggesulng that theseig¥

N S




fr‘k.hropatln

;dlameter of”the

hellx

100

:supercoil is the

axls ¢in tkéf (

aﬁlih?.

compr9551on« ratlo uould

calculated by ibuprav

‘?,Smaller ﬂ‘ameterbof 60 A
ratlo of = to 1 (cf’Bram
1n ecertering that occurs
the chromatln preparatlon

i-of:éecond crder

“\"‘,equal

of 110 A.3Ps noted pre lously tlghtly

flbrlls can,be spaced approxima+ely 30

fff:“ff' *hat

e

ey

.,‘_‘y
0

_1E;is the

s

"’superc01ls @ﬁf

;r +ype B

ThJ“

probably

(1970) for th

eupercozllng

clos?éf‘.s o
Supenc01ls can approach each

be made ‘"

comparrson 1s not entlrely

close to

be %o3 ‘tO 1'
type

wlll g1ve ”qp ax1a1

Zand Rls 1971)- The observed changei}{i@fﬁ
when dlvalent aatlons are added@goiiilébf

_can then be explalned om the bafgc}ﬂfu{(/f

Hlth

the out51de dzameter of the flrst order supercd113f 1

L0

other then six,

chromatln":' i

juse s1nce

accompanles drylng durlng preparatlon for electronjric

compreSSLon]-vﬁf"'

Tepat A7
A flbrils;fa*;g-*J*

pltCh approxlmatily9:§;r

apart.TIf ve assumejf

dlstance that two nelghbourlpga

form one turn of second ordér‘ﬁ

shrlnkage”

7acked nucleohzstone'ff;ﬁifﬁ

flrst\ orderj.ﬁ*pw




why d L

e »; . ~_‘_ _4", ‘. P M . N \ . . 4‘.4 b ‘)’: pe S e :
' fgfL the relative Humlﬂity of chromatin fibrils I% reduced belouﬁ,*
H Lo R q; . .

wi o

N

A at hum;dities below 75% (Pardon and wilkins 1972)., \f"

98%, an;,thelr'replacement by broad :eflecglops at 76 qu 36&71' ‘

Sefondarv snpercorilnq /ff' he

hsuggested hy Bram and Rle (1971) could also .Beve“
f'f 110 In thls case ei ht turn rlmar ”
.o\ g kogp b
i secondary :supeF001l VOuld glve ~an- axlaL‘fj

og” uo to 4 vh:LCh, after 308 shrlnkage

s

:=tudlesﬁ of gqgnlcott (1967) show that 110 A chromat1nﬁ53

'flbrlls"can aggregate 1p (presumably) twlsted palrs underr;f

'V:fneffef“

of dlvalent . Ca-10115- 5 O.'second

reguiar.»perlod of 110 A¢ Such model mlght explaln:the zuof“'

. \’

'-/u.

nelther unﬂoﬂnd nor OVerwound wlth respect to the B formif”f”

.;-xhe ;prlmary hellxﬁthe superhellx den51ty due to flrst orderk

supercorllng 1n_elther Pardon and Wllklns' odel,or?the

.,.‘

. ,.
e N . . L e T

e

Unfortunate]y ¢hese _models by ': °ansi'”7"~
?f isecondary super60111ng wlth‘ ng'“

Ya comprea51on ratlo Jand perlodxelty.gy;héf;f;‘”

'5 A longltudlnal pnrﬂodg 1£y found~'1n crltlcal p01nt drledgfﬁ;';if

proposed above would be : O 11 dependlng upon the handednesslg;effﬁf



3n'*of h superbellx..In the model of Bram and Ris (1971) thelr N
'ma_,fsuperhelix denSzty would be * 0 17.‘ Secomdary superc01ling"”

i‘n,,drpof the type dlscussed aboye vould have a much smaller effectvap
®
P ,Qm- the net Superhellx denslty\belng only t. 0702 because of}f

'}contalned s1ngle Tstranded br,;-

*‘~convert1ng th , dlfference between the two‘i
. ) [ . sl !

*“7,Tsuperhe11ca1( +urns '(tau, where t:u

“secondary superhellx-

, .
Sy .
- .

rl.j' T
EQ!éésﬂtlx clo _g lar 1L S o

”Théf superhellx dens1ty of a llnear or nlcked circular

"un

'DNA molecule cannot be measured-élrectly because the ends of'

Athe molecule are free to rotate wlth respect to each other.

«

"molecule Vif-f*r could be constralned to 11e 1n a’ plane)
tlnvarlant..lf thlS number dlffers from the number that wouldfg"

NIV.b%be present under the same condltloms 1f ;th y closed c1rclei'

I

lgiinf;%hea molecule whlcb canf' partlally accommodated by.i;

Lo

'quperhellcal turnScthat,are present 1n the molecule,y'slnce?f”

*tbereffisi some dlstortlon f the rlmary hellx wh1ch~can bp'fvt
FASRE LS 9 ?‘ -

+he greater length of primary hellx. formlng_eone ”turn Qf[:{

from a Wlde varlety of blologlcal sources, thls s 5nbtf'¢hé7f{;'

falpha = beta).d?hls ?f

'fmr closed 'c1rcular DNP molecules thCh have been 1solatea¢sdf_ﬁ

.ca" Here the €\leoglca1 wlndlng number (alpha) (1.,; the‘j"

jtotal number of hellcal turns that would bE pres€nt h;n the;:;T~“

"':.(beta) [used he;e as

L”;deflned by Champoux and Dulbecco 1972] there wlll be istralnfgff“ﬁ

'numbers 1nt0»5‘1‘9~f

B f-eguatlon has been glven analytlcal prodf by Glaub’ger .Qeifmh_”f

‘HearSt (1°68).3 Tau does not represen;\the actual number o“”f;ff*‘:
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: SRR Lo SRR,

«'ls‘derec ed by c1rou1ar“ diohroism measurements (naestree;and.
(‘wang 1971,' -campbell and Lochhead 1971)',$hut‘finSFéad;
~represerts the number of superhellcal turns thatifqanb'besli

'.jtltra-ed wlth Varlous ‘reagents., ofn _aqueous soLutlon the,:

o
RIS
By Rl

ipreferred conformatlon of the prlmarv helix resembles the ijV

kform | dlscussed prev1ously. Under such ;ondltlons beré

Gi

number ‘of base palrs 'per’.molccuie ‘5,'10.. Thén number.gof

. - ' - ‘._

udsuperhellcal xxurns cannot be measured dlrectly, and cannot

Y

be USeJ'when comparlng superhellcal closed c1rcles whlch__“f

'-dlffer‘r‘in ' mqlecular ‘ welght.- ihe _-var;able~vobta1nedﬂ

-

'rexperlmentally 1s sigma, fhe superhellx denSiéi., whrch

'1ffhe5 number of superhellcai ' urns per 10 base palrs. Thlsjf-\

\

~~~~~

“‘.fdefin; on is numerlcally equlvalen* to bur narrower uhan

~“"‘

gthe“ﬁope"used prevrously in dlscu551ng chromatln strucfure,)

e_4slnce it~ acsumes ‘ha* the sdperhellx ax1= 1s f:;paf%te from

'e.

7£ hellx"axls..Numerous arrangements of the prlmary hellx .

. ' R L
‘ln a. superhellx are p0551ble,_(see flg ay.i Dependlng upon]

‘?the most stable conform '(Campbell and Jolly 1972, see also‘

e RS *-f . [OPRSSTN Qe S e

‘grh presence 'of superhellcal turns 1n a: covalentlyﬂq

.‘

p.n .

'r7ﬁfbetwe°nv‘i PPY51cal fpropertlesl and those of 1ts nlcked“:fbﬂ';‘

B R

‘coeff1c1ent (Dulbocco an& Vogt 1963,vwe11 and Vlnograd 1963)

! ‘FliﬁEf superhellx densmty elther +he\interwound form usua11y2-37““

4¢observed 1n electron mlcrographs, or El tor01dal form may dbé,] -

‘fﬁclosed c1réhlar DND moleculei causes several dlfferences;“-.'"'

',c:rcular counterpart. These lnclude 1ncr=ased sédlmentat10n=fﬁg:‘



. ' . . R P L : ey ot R .
N e e L o A I B R . A
Tty . . - o . . Lo s [ S . a
s R : . s LY e . '

PR - . . "
L SN .

( S ia Coﬂilentl ,,'_,;'ﬂlosed C,nculur , DNA A
SR Note the: cpp&fent reversal of. hundedness m the ST
S change from‘form ! to 3‘ Lo SR
S e ‘i.&,\'- : A 4

B ".‘ s - . y . <
‘; ._'/‘ "I_ ’ . ' . - T




'f, and decreased intrins‘c vrscOcity (Rever ;__1& 1271), bosh

‘fsés‘c{‘ of uhich are relgted to a: more compact conforuation ‘in

§ . -
L . \ N . .t L etaly
. k

solutlon. There s also fa altered affinity for certain f}‘

interCalaQ&ve drugs and dyes whzch is aue to the distortion
‘se - L. . k*‘ .

Q»'f of the prlmary hellx caused by the superhellcal turns'

and Vinograd 1968)._;>.Z;"’.j . N

n . ., _. . B ' . :’U.' . "

‘)' Severel apﬂroaches “ have : been . applled ;;ﬂihé
., ‘J"' .
ﬂf-x e determinatlon of the superhelix den51ty of these DNA's, most

‘e;of wh;ch depend upon tltratﬂon‘ of U%he» superhellcal “urns f?f{%ff
o fl" :‘ w1+h an agcnf capabl° of altcrlﬁg\fhe prlmary wmndlng of the

duplex- (beta), and determ1na+lon\b{ *he amount of reagent ‘
.bourd when - no superhellcal turns 2 \presenL‘ in. ‘_;he;-

g e

mOlecule. If oﬂa ascumes ar f1Xed knOWn value\fqr the change

' _ = ~ .
dn the hal,Calﬁiundlng number per molecule of bound\ligand a<:3 L
/ R ' o

value for the sﬂperhcllx den51ty ‘can be,_derlved.-‘ \\\ t#b :>£3H}

agen+s‘ that have% been, used most extpnsively areiethldium

bromﬂde, and hydroxlde 1on. Etnldlum 1s an antl—trypanosﬁ/elrg

S druo -whlch _blnds 35 DNA ?1ntercalat1vely,. 1n sb 601ng
"\ - - & :
i ' alterlkc the -angle bctween the base paﬂrs at thé b1n§zeg
o Yu ~s1te.‘Fuller and Harlng (196“);'on the bas1s of —ray W

ai ffractlop study proposed a model\ln vhlch thfs change 1n%f ?Fi?

“ff‘“'\\\§br51on angl ‘212°*1ire:”120*ugwfuﬂingrﬁ J vnf*“terman%

k3 -

(1061) n? a. 51m11ar]'v_ ‘fT‘1 dlng stuﬂy V1thiproflav1n as

‘”figii the iﬂtercalat%ve dye shoued that unwlndlng angles as \hlgh
‘ -fasf 350 are. p0551b1e% Thc 1ower of these tvo values has been

used 1n all publisned determanatlons o&] superhellx den51ty




LSV A AN L] ,,.‘[.\ Al
v ‘ll.. s - - v .

‘(1971 i

using ethidium qi'farmn de. J Paoletxi and Lenecq

1

Propcsed an alternative nodel in whiégﬁyheff:

i

-

and the total angle change due to 1nterca1ation is +13°

stortion due to,,iﬂf;c

“'olntercalation extends over a ;zgion contamuing u base palrngwi'w
Y

\ ‘..

the excluded slte behav1our of e%hldlum bfndlng to DNA
ﬂ’) v
(LePecq angd - Paolett1 1967 Bauer and Vznograd ;§7ﬁ). They-

o ' <

‘-‘,'

,.supported: fhelr, model by a- study of the fluoresience

.‘ .

depolar1zatlon -&ue resonancé energy transfer be*ween

ethldium catxons bouna as nearby s;tes on the DNRA (Paolettl'.T"

O £
R a%ﬂ LePecq 1971 a). 1he stproochemlcal corréctness of thls
SRR . oy L s e
'5_f medel as’ vell ‘a “'the interprétatlgn 9’;’thé7 fluorescence
’ .,A f B

depclarlzatlén data have recently been.questioned (Plgram et

:757L$Té! 1973)1 However the guestlon of the co*rect angle change

Apa ;/from tbégé_
|

51gn and absolute pumbervof superhellcal turns 1n_sovalently,
. -

*gg“' (i e ho overhindlng og,' e - uplex). 'This mode ) has Ap:"

attracfive! feature in :that it offers some explanatlon for .

-
N

dlametr;cally .opposed mode}s two Jf-s7

ch_others haVe been probbsed whlch bea$ upon the questlon of‘”"

'@uf]f? ’closed c1rcula* DNA. Sobéll and Jaln (1922/ propOSed a model Tﬁl..
B 1n whlch actlnomycin D binds to DNA 1ntﬁrca1at1vely, caUSlhg S
f-,.;av to‘tal éﬂ 019 chang° of'..3‘uo -:; Thlq_ lS "'spr=ad Ove]?‘ base

palrs end\'so ishares the excluded 51te fea*ure of‘Paolettl

and lePecq's&model, Warlng (1°7°) has shoun that act1nomyc1n '-fT‘

.'Ef D causes the same degree °f unw1nd1ng as ethldlum\ihen bound

to closed c1rculag DNA. Plgram et al. (1972), have; propoSed

I




‘*fls a Change ih‘torsgon angle bf -120 warlng

Ly Saucier et 1o (1971). have demonsf&ated that da”n"”cm.._
£ yff“ﬁfcauses only one: halﬁ to?one thfrd as. much ‘angle change .{tiﬂéﬁf
ex l;seﬁhidguﬁ. Both these models ?merefore raquiré tha} ethidlum

'eunwiud *he duplex by a 1arger angle than,.that proposed by

| Fullef and Warlng (196&)._-ﬁ’”*jg@ff_u;ﬁi@f; v;];‘u}] ;g
o Tl SR TP "Qf'\E"E‘ﬁﬁﬁf' T RSP S

"“?,?fvﬁeffilihw;a; study of the buoyant den51ty of polyoma DNA when_{;ffﬂ

1§q measured unger alkallne conaltlons Vino;\hd et al.e (1968)% '“' 

"conclude&'.*ha+ the superhe11x denswty must be 03032, whichyf

ﬁauv‘

appeared +o be':close to' tha+ measured fof }he closely?:

‘3f ‘ r'late& svuc genomﬁ\assumingi$2° unwlndlng by ethldlum..Th1s¥p“V &
aasf—o.“33 by sedlméntatlon v otity 1n 1 M{’aCl, and —0.@26‘*' [REE

-:»1,= :

1uJCsC}-at buoignt enulllbrﬂ (Bah°r aﬁd V1nograa 1968)L
SRR o o _

',ffa}.ﬁote. recent study Gray et al

(LAY

R ;jj @5 correctg@ for thlsidlfference a- 50% dlscrepancy between thei

5¥“ wo method< 1s apparﬁnt. Unfor+uﬁately 1hto;pretatlon of”the53
1

-..——..'—Ho. s <t Sy e o R _f‘r o _‘ a0 4+ p i,

alkallne buoyant- dénsmty experlmeut 1s dlfflcult. Dean.andfﬁf?

treatment cn‘superhellcal DNA 1s complex, which 1s éﬂso true

A-q-fﬁtf(mefhylmercurlc hydrox (Beerman and Lebowltz 19731.1v
Lo : Q‘ el

ﬁfﬁ_siﬁcefi formaldehydek methylmercury :uhd. alkall l cause’"jfﬁl}f

Lo f‘,




“denaturation ‘of linear ﬁwn some analoéy may be expected

'3.uncertaintles in the 1nterpretatlon of apparent 'supeihelit !

;——-————“—dﬁns+tY“Gf*aﬂy—p&ftfﬁiiy—ﬁ?n*tﬂreﬂ—cIoseﬂ—ttttie——ﬁﬁ*ETPvl.

‘ has been.ralsed~by Kasamatsu et gl; (1971) in their study of

*

mitochordrial D-logped'DNA.

32

", T '
c .

‘ S
between. their effects on euperhellcal DNA. QIn

general the

greater dagree of freedom ava‘lable to denat‘ A DNA causes. -

/! RS

oo "“rﬁ

~ C i o C — '
Superh#lical DNA molecules - =~ praven -~ 3o be a

sensitive tool for moﬂiﬁgg*ﬁg/ smg;l//’éhanqes in .thel .

" conforma%ion 5 solutlon .g. Hang 1969, Bauer 1972,2. e ¢/

B
72 . Incerpretatlon of the results otwﬂﬂ””‘“ ?

______
et
e

':'hese stud1eb ie absolutely dependent uoon:.a nowledge ofmeWm%

‘the angle change caused by *he bmndlng of ethldlum to DNA.

* This angle’ chanqe 1s also requl ed for 5h~ Constrquion of T

“models of the in®y gg' conforma+16n o‘ the DNA moleculee 1n

\ ' ° - - .:... l

'Questibr, and of chromatln as dlecuesed abOVe. Lo R

A}

; The p posal . ' ‘ s

’ .
. X

ihe"prepoeal'fbr defermining fhe“ sense ‘and absdlute-

-

‘ magnltude - of vsuperhelvcal c0111ng is 111ustrated in Flgurc d?;hwf:

S.AA naculal closed c1rcular molecule ;s 4treated -w1th a

] . ’ L e N

feagenf that Hlll. blnd to the bases and prevent hydrogen:

.k [ .. . -6

bond forma*lon wigh thelr compllmen*ary segue ces under

- S . : R - L ‘ ‘
‘Teactiorn with the'reagent. At this poing Din‘ the procedure

4nothinq\.is'wknbwn. abouc +he conformatlon '6f the DNA . in the -

conditions‘.that will * lead. *to upartlal ‘denaturatlon oﬁnd<
. . . . . w N [ R : .

4-—"

-+

.. derivatized . é@quence.>‘The 'DNA is then nlcked wifh an
. Lo - . ) . . . . e ) R s



.-7'

' Proposed synl'hesis of negolivdly.n:porh;fud DNA

,‘,_J; ;_
]

‘7‘.
o

4F19ure 5. - The  synthesis ' of .a negatlvely superc011ed DNA_;@
- .molecule. (A). Closed circular: DNA is treated. with a reagent
under conditions . that lead to part1a1 denaturatlon and
" reaction with the reagent. '

(B) . The partially derivatized DNA containing superhellcal‘

turns of ‘unknown sense-is nicked to- release all strain: -in e
. the . molecule: and allow the derivatized reglon to adopt ‘the . -

entropically }avourable unwound conformation.

(C) . The nick is resealed with - polynucleotldéb llgase to':

reforn a. topologlcally closed system, -
AD) . The blocking groups are removed frbm the dotlvatlzed

\ﬁgfglon to allow the bases to reform a Watson-Crick dpplex

dith rlght handed hellcal turns.. - ) , .

@



‘1'endonuc1easen to produce ,aesi pnospnateyteiminus;.THis'hés'

. “the effect of nelea31ng llh Suraln':iﬁ 'the“vmolecule“

.

na'

,allows thev derlvatized region to nadopt ‘the entroplcally

favdutdble unuound'conformation. “he n1ck is then' resealed

[

"u31ng polynuoleot;de 1lga=e and the bound reagent is removed

"from the bases under sultable' condltlons>_ DNA _in

H

‘ the .

",yith posltlve hellcal turns, the formatlon of whlch must be

3compensat=d by the creatlon of an equal number of‘ negatlve

§upe:he1;cal .turns.  In. thls ‘way a negatlvely superc011ed

/. ‘ ¢

" molecule can be synth =1zed ‘whlch >'n" be .compared

’~f¢re‘tiCn of neu superhellcal turns of . op9031te sense would‘

'“f.by ethldnumqiﬁ'ﬂ,F?Jf

et

fdeep mlnlmum 1n the ‘cu

the,=uperhellcal turns 1n1t1a11y pfesent folloued by

R

e-’mply 'hat ratural superhel*cal turns .arev neyatlve

*hcreby dlsprove Paolettl d LePecq s contentlon

l : . r

~- ~

e o

n‘moleculec caused by supcrhellcal c0111ng,,was vfound

'r”*c°11'fby Wang (1971).. -Subsequently an enzyme With the

'{'éj‘x&q :

~

wlth-‘

‘natural VcIOSed c1rcu1ar DNA's wlth respect to tltratlon of "

. sedlmentatlon coeff1c1e !galnst ethldlum concent"atlon. Av
T

corrcspondlng tp "the tltratlon of

Yo

3

that

1-eth1d1um wlnde +he duplex. Furthermore accurate quantltatlon,'jf

,}wou}d pcrmlt dlrect °valuatlon of the unflndlng angle caused

" An *enzyme uhoce functlon 1s to releaSe straln 1n DNA
';;g;::

‘sampe

the —~

v~

«{ of the amount of reagent.bound _at' the. tlme of reseallng‘uf

".PrGViOdSIY def‘fafiZEd'*egioustill then reform a duplex S

sy T
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-..

nuclear extract from secouZéry umouse embryo cells by;j:

Cﬂampoux and Dulbeqco (1972)-”

capable of rel ing’ superhellcai turns of one senseu(then“:&'“‘

\l ) g

functlon but rather dlfferent propertles was obeerved qual.

en2yme from kE; Coll iéjt"1‘4~

thought ard subcequently proven to beJnegatlve),qand only to..‘, pil

a llmltlng re51dual superhellx!den51ty. That from eukaryotes
|

'.J\," .

1s capable of releas,ng superhelléagfturrs of ‘elther Spnse
mﬁ ©

o By

"l'andf doee no 1eave ‘re51dual superhellcal turns ap thn‘

ﬁiz«

'~mol ule; The enzyme has varlougly been \called u pro 1n*‘

(Wang 1971), sw1Velase (Baase and Wang 1974), unwvndase and

: nucleollgaee (90551b111t1es con51dered by Champouxf pnr;onal
R oty . ‘P
commun&c;tzon) For 31mp11c1ty ’; thls the51s 1t wlll'be

T L

referred tc as"’ W proteln Ihe ex1stence of th1< enzyme-‘is'*,

L

proof : of f.tbelf'lmportance of\ superhellcal c0111ng to

o eukaryotlc cells, and has prOVed uLeful 1n +hls ctudy of the fl‘

'v_unw1pd*pg angle due ‘o °+hldlum blﬁdlng 51nce» 1t comblnes

tho functwcns of the nuclease and\l?gase treatments requlred
. : . A . IR
to relax stralp 1n +he derlvatlzed superc011ed molecule.w

e

ﬁ ) : . = ) ' : ' ' o B .F'J" '-;— vm:’. : . .
P .W pro eln 1s of 1nt°rest for séve*al reasons..Tnere;are

ik

. numerous p0551b1e functlons for thls‘enzymc u1th1n the cell,

x~ e X

"Durlng DNA rep11Catlor the parental molecule_must be quound

I

"’"ahead,_ roﬁattfthe 51te of replvcatlon"and the daughter:“

i?molecules wust cubsequevtly be rewound (see Plg. f6) Thesev

3.

both qperatlons that the eukaryotlc w PrOteln w111  }_u,

".ﬁfac111tate. Unwlnd1ng followed by rewlndlng may also be

kA

 requ1red for the transcrlptlon of hlgh molecular we1gh+ RNA

v S L v*>3~- ST

e
B




Flgure 6. P0551b1e functlons of W Sl i
“RAs- During DNA,repllcatlon the duplex must be unwound ahead
of the repllcatlng fork :this.- equlvalent toh releaslng
p051t1ve superhellcal turns.:n;_» : ; e

~The newly repllcated DNA must beg
thls is equlvalent to'releas;n gnegatlve




also 'e‘x:".‘s't'f' %




. ,utranscrlptlon' sit "
;jentanglement coul[;"'

lftraﬁscrlbedﬁas a's nvlé pieé'




Megdtive Suparcoils . -

;fFlgufe 8.J?U L S
' - ' SR : superc0111ng_, i
fplocal reglons“of the he

1pr6mote the outﬁoldﬁng ‘of pallndroﬂﬂc reglons‘df the duplezf
.%for 1nteractlon w1th regulatory protelns. e . b :




example reqions of  al1ndrom1c DNA»have beenf“

'”ﬂizfound 1n the mammallan chromosome (Wllson and Thomas 197&)

‘JfHEnd are present ln the few examples of bacterlal chromosomal

u'ucontroli;elements thatfhave been sequenced. These reglons of

4

'ﬁ?fthe DNA can 1n pr1nc1ple lOOp out mithout extenslve loss’ f

W

‘cfffhydrogen bondlrg.; In g llnear DNA molecule the free energy

i the equll;B 1uh in the

jost of such loops

s dlrec+1on“ of unlboped conformatlop, but'ln a molecule

"'A{Q{urder the1+or51onal strazn of negatlve superhe"lcal tw1st1ng

e, T KX
. . .

‘fthe equlllbrlun could be forced 1n the opp051te dvrect;on,~w*«%m;

f?ilncreas1ng the avallabwllty these sl 2s. to regulatovy.*“”(”

:11P?0te1ns Purlfaca 1on of the w°prote1n fiom calf thymus hasfﬂff“'-f

e n\achmeved in substantlal measure as w111 be described 1nvifhji“ﬂ73




A 1ong term object1Vé'of Q&df:fiéseaféhx"sz'tb fuse.;

‘“yeré ‘ fo the~ same :~echn1que_ to stuay the 1n+eract10n

;
ST N

between purlfled_hlstone fractlons and closed‘c1rcular' DNA.

-

--For thesc experlments a purer preparatlon of w prbteln than ;

.

was a relatlvely crude preparatlon of chromatln.,}f

that used by‘Champoux and Dulbecco was requlred '51nce thlsf(




R LR 24
Closed circ lag_gNA

M13 RFI was prepared from M13 1nfected Fa-CCi

R I i ‘ o ;
'3a 'modlflcatlon of the me*hod of Hayashl and Hayashi (1971). L

r

b.htlcase soy' bro*h .a‘ 37°C_ ;,ﬁﬁenw

? "dwefe 1nfected at 1/u log/a'as wlth 10 pfu of u13 per cell. dljir“"'°

"Vfa In sgma cases chloramphen’col (50 mlcrograms per m';) whlchi“

: S - R
\ -dig’ ‘po ;}appear to 1nf1uence the yleld of PFE, ua

\/

hours af*er 1nf°ct10n. 3:' | a hours after ‘1nfeétron thef-

cells were harvested and waShed W1th 0 O’ M Trls chlorlde,zgﬁ:

mM EDTA,_C 1u M VaCl pH 8, and res spended 1n 75u mls-i’-*he*

added 2 2

: .‘same buffer. 5q mg o* lysosyme dlssolved ln-ﬁﬁ'mls of buffer»ru?ﬁ

5'ﬁasi then ,added to ‘thee cell suspen51on which was d’v1d°d?[,

equally among 6 Beckman 19 rotor bottles. After standlng forjgiff

70 mln &t room +emperature 125 mls of 0 5% SDS 1n dlStllledf“ff””""

Hater was added rapldly to’ each by means of a squeeze bottlefﬁrfm

‘i: w1+h iltsﬂ tlp held beneath th~ surface of the SPh°re°PIaSti;r'7h

[ A '\Z'

suspﬁnsaon. Thls ensures m1x1 3 HlthOHc' shearlng of ,the*u7

"“*:ﬁfpatula'aud ’hen ceutrlfugca S‘heurs at 19 0"0 rpm"to*"pelle*c,“'"""‘""""""i

arisolutlon.~ heslf ‘t f as- gently stl ed vlth aif;},yiﬁaﬂ

0911U1ardﬁhﬁﬂif?nd other debrls.‘QThe_ supernatants uerelh.‘ C

combrned ..Id' solld sodlum perchlorate was added to a flnali“h':rV“

concentratlon of 1 M.‘300 mls oF a 1 to 1 mlxture (V/v) iéfquﬁflﬁl\;

freshly red\stllled phenol and chloroform was added and;gheg;;[7»55

et * s



,,,,,,

mlxture fﬁaél stzrred slowly at room temperature for 1 hour,‘ffj‘

.‘. -

". +hen centr:fuged for 20 mlnutes(,; 10.000~rpm in & Sorvall

GSA rotor. The supernatants were pooledvandjnucleic ac1d was

,.-1.»- .

/\y‘ R

Jeof 95% e+hanol. lhe prec1p1 ate was collected by‘

Efmi-%ff and ccn*rxfugatlon, then redlssolved in 1OO mls 0 91 H Tn@s

u‘:

Chloride et mu ED‘“A pn g s mg ‘ot Pancrea[tic R“a‘e

dlesolved 1n 5 mle?of the eﬁie buffer ( heat treated at 80°C t_ﬂf

;

jfef'-S m1ru+e~) w as addeé an » h d lxture waq 1ncuba ed ae
B fi‘ 37°C for 3r mlnutes._bNA was. pelleted by rcentr’fugataon Qaﬁ”ﬁlf:e”f

fQSG,QCQ¢ rpm for 5 hours 1n the 50T1 rotor.-The pellets uern ;-7L:&35ﬁ

:fi”fdﬂe' EDIP PP 8, and 1 ml of eohldﬁﬂh bﬁ?ﬂld°,soluflon (1Q mg per

l) was added folloved bY 2ﬁ‘gmsubﬂwsolgd‘CsC1 The soluelonnwlmq.l,

vflf vas *hen d1v1ded among u SOl

»

band s' remOVed by syrlnqﬁ‘

ftraC*ed +hr#e t1m°S

Ha*er Saturat°d butanol and dlallzed"agalnst C. 0}~ H Trieffdrl
‘”\chlor“de 'ﬁ;' EDTA pH Typlcal y-elds ~ﬁ&om ﬁthisff;f’“
5 ‘ Tl procedu webg 50 Opt.l.tai. donsltmﬂ‘lts Of H 1 3 RFI from 33 & ‘

o } A

l:u-res of Cultu ".f B : e : - h
SN B T
’ v - ,\ . / - L i ¢
) : R i K o .
Sl Co o
. e - L R S IE
- @ \\- ) ».," L . ..'~: w
LY e € ' '~“ik: '
. » ; ' _ !
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Bac+er1ophage 4, PMZ was~ Obt\

Purlfmcatmon of the

L

"cjbaCtérlophage A#;L stopped‘/ afterig the ; first ‘ CsCl~

'centrifugatlon.‘,b SOmp_occa51ons the DNA was extracted by

:fi"7{§;*he phenol—sns procedure of Hltra e; al. (19672 The, Y;el&‘

phe;oi qﬁtcons 1mprovemenc.fﬁiﬁt”“

_4,__, for

?era ble
51?15_7_ experlerced.z Th;s m hod requlres more exfractwons 4 orz5)

- . P o s o

reprecsor, lysls dafectlve mufant :of' 1adbda CI°5+S7) vas ;[g*

qrown»iérA 3a°c ﬂn 30 1lfres ‘of 1/2 sfrength soy broth (wlth
sal*s and glucose added to ﬁlaal concentratlons of 2.5 gm

dlpotasslum hyﬂro en phosphat “{5f}§ﬁ3 Nacl and 2“5 Qm»of

i .s\‘

glucose‘per 1itrey'to an optlcal dens;ty a* 610 nm of 6.25 A

- . T : K o : : 5 ' ’,{-‘1__ l
v;ﬁ‘aTh " +emperature of +he nedlum.'was ra1sed to UZOC for ;;w
o _“,' - A ) ' . . ...:v
. mlnutes and then returned to 37°C, af+er ‘ 1ncubat1 nf;;_;
n i A W cOntaned for Wy hours._mhe cells were harvested (20 ngff" 1
\: o '.' i . ‘ ,, re g . - g -
™ Tl it . R " . ’
T s - - N - .o o
T . E - ’
= e S




centr1f‘§a*ion at 10 000 rpmpfor PO mlnutesfglla SOrvall GSA

ggtor._ The pellet was re—extradmed’wlth 100 mls of buffer f;} Q

and »he combined supernatants were centrlfugaa at 18 000 rpm

I T ) 'ﬁ,m',;
for 7 hdurslln the Beckman 19 rotora'”he pe letéa from thls

i

cnnt‘lfugafion were resuSandad“in~50 mls 0-1 M Nacl..0.01 H

g Yy,

ﬁfé Trls chlorlde pH 8, and CsPl was added to a ~1n§} d°nslty Of
R RN : Lo

T'fﬂ u75 - gm __9@73,, mhe-u&olutlon yaSjAthen centnzfuged “te
'f& .ﬁ equlllbrium au 25 000 rpm for 2ulhours in,the. Beckman 60T£ l'}‘
S A RN 1
 f?f.fo+or.A mhe phagn band vas collected by syrlnge and dlalized 5

filagalnst O 1 u NaCl, 5 mM magﬂés;um chlorlde, 0 01 n Trls 'pE

BED

"é;‘ Lambda DNA was ex*rac%ed by thc same thorofdrm butanol_

H“;method as used for PHZ DNK (yzeld

Vdpn51ty unWts from 3ﬁflﬂtres of e

Bac+er10phag=  $7-was prepar

RO T S A ISR B

'-and Szybal:kl (1968)‘a

1descr1bed for PMZ DNA-u
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L et et |
Watg; so; b;g carbod;_g;ge '5‘ - -'{j 1&

-’ o : o : ’ o \“ /
9\‘ N—cyclohexyl—N'b(u—methylmorphollnlud)—ethyl arbo-

v.’
1

- salt, Before" use’ 1n thPsé experlm nts it 'was converte

.

the bfomldﬁ- salt accordmng to théﬁmethod ot Me+z and

.(1969) wlth the mlnor substltutlon of Dowex 2 fot .

Dowex

« diimide was obtalned.from SLgma as the’p—tolueﬁesdﬁph nate

4
.to fac111tate preparatlon -of the brdmiae salt}ogthe res'nr
A thg\k Slufry of . Dow=x>7x8 (2C0 to uOO meeh) wva ‘
pH 12 Wlth sodium hydrox1de to. prp

. S ' 4 ° . e
‘form .of the free basc.ffge resi vas

T ,.funnel‘with disti

rasucpendod '1n a Small volume of water and

e

(

is sufflClnnt *{d‘ convert 5"gms_v of - “hr= carbod*lmlda
% . B : ] . o ; . : ) . .
jp—toluenosulphona e salt 'tc the- bromide form..f Aﬁtef

! L o - &

:1yoph11¢zatLon of +he*solu‘¢on the rea@ont was redlssolved‘

"
A e ) [ ~

.Ln absolutc'ethanol for ctoralgc at -20°C. |

qeact*on of DN2_ wlth Carbodllmlde .

‘ o A S
.Duringgthelcoﬁrse* of exper;ments variou° procedures T-

.11 N r

RS were'léppiied 0 +he condeﬁéﬁfion reactlon betuecn DNA and

,x\;x'.‘,_ EE PRI PR R ‘-.,;~

|
[
!
|

”:e the re51n in th&'

‘form waq thgroughly washed qlth d;stllﬂed wate; bafore use.‘

carbodllm¢dp (:ec Ch. ¢IT). The procndure fognd to: be most.

jus ed,,:

wate* un*ll the pH of thc cffluent was, -’
‘ac1d1f1ed to- pH 2 wltn 1 M HE The. resin .in_:the‘“bromidn'

'_A column contalnlng 2090 mls packed bad uolumn of the- res;n o

washed on a" Buchner‘f]




oo

!

S " The reactlon m'rture;'*fdr - DNA wlth Carbodiimid5 ¥

B d%ﬁ%alned 10% w?V /6} ths . bodllmlde as elther 5 the
;,//i,'.’; p—toluenesulphonate or the brouldetsalt,.SO% v/v ethanol
| ”:u.01 M sod1um carbonate arQ‘0.0S_H'sodium' blcarbonaté. ' hed

fon—+as—allo oWEdto - procesd at room temperature for

LIRS
23C

- i :

¢ -

_

varying‘periOds-up to'12‘hburs.'~Use§ of ;the brOmlde sa}t A

-.

a

'permits the reactlon to be mon;tored spectrophotometrlcallyr

B

“ a* 200 nm. Peactlon of denatured DNA under these condltlous

is .rapld and.comple%f Hlthln 5 mlnutes. Reactlon of natlve
llnear BNAffollows 51gm01da1 klnetlcs suggestlrg that Tthe;
'I" ‘

reactlon §r0ceeds v1a an unz:pperlng mecngglcm from a few

51tes whlch 1ncrease 1n number as' the reactlon progresses’
? . ‘ . .

‘( cee . F1g 9).r Closed clrcular DNA reacts wlth the reegent,‘

' bartialiv ‘under 'tbese condltzons. Thls 'observatlon . is

: S’m’laf eto that of Dean and_LebOW1tz (1971) who showed tha+'
e . o '
only a fragtlon of *he bases rn closed c1rcular .DNA ‘react

'1w1th formaldéhyde under mlld condltlbns (see Flg. 18). :

L ,o oo :
).»- [ . .- . . K\

Tl ‘Afte: re%ctﬂon the‘7DNAﬂ was - separatéd?ifrom‘"éx0°ssﬁ
2 -””rvage by ch%omatcgraphy on T_Bio . Rad u Agarose‘; 50"

. 'equlllbrated w1€h 05 M pota<5ﬂum phosphate buffer pH 6o 5,;‘
. R : Ce
N 5}_ 0 1 mM FDTA On soma/occa51ons large losses occured durlng

" . e 19/ . B
.Q;,w,;yanthmsi step,_ orobably through 1rnsver5ﬂble adsorptlo td e

resin. Ethadpi7pprec1p1+atlon .ofﬂrthe; reacted" DNA- pbgé,g.

mpted 19/‘some .cases but{_againi.1arge‘flosses:=were“,"

»ﬁd‘“'g experlenced /
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-DERIVATIZ_‘AT(QN.éjF’ A DNA/ RN

/
- ™

~ 100} 5o%fqu CO5M NaHC03. T ,f < e

e 23°c IO lo w/v CMC Br

v T,me hrs o

. . e . . e - T e
- R T - . Lo .

-ﬁ}uFlgure 9. Klnetlcs of derlvatlzat1on¢of lambda DNA- monltored

-,spectrophotometrlcally at. '29C nm. Lambda. :DNA .‘‘reacts ‘more:

‘slowly ‘than = -dTCRdGA, "because of its high- molecular‘}elght
.-.~l'_'and the small mm*er of defects .1n the structure. N

W -

o

/0-OlM NayCO3. o . \
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The extent of reactlon of derlvatlzed

c1rcular”'”
IR

Elosed
DNA was estlmated by measurlng the buoyant

Dede; vatiz t

Qen51ty shlft 1n
CsCl u51ng %he callbratlon cuer= plotted 1n ¥1g (10).
h

Peactlon

nm~ s
D." M

. BN . »v_",'»,-_

,“_-
PY W NS
C

In mOet casas the daderlvatlzatlon rcactan was Carrled

sTot _‘VETif@H_DNP agalnst two changes
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a+ pH 12 8 a;e f*rst order, as shown 1n Flg (11).\

R

\ .




/ denvahzohon AA2904“ ."f,f"' o
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0

éfredctlon a% 590 mm (getz and Brown 1 69) tz; rosgent haq“

. e e r\
L . fimst ‘}f‘t'-o be Coiév@r*ed gx;mm +hr- p ;Dlu°ne§ulphonat‘ sa?tt t%
R A P ‘ PR Ll
"-.‘i?.-&,.:che. broms,dzv form. ;fmtlal attcmpts ﬁe cqfrﬁou,r the reac 1on e

‘ by melﬂr J.n,g thc-polymer ar,elevaied temparature*uere hﬁndared .

aply$°r)fu
R A R I
= of Jﬁf— p.o ‘ﬁh‘cr.

A'.'.of’}/hc'*BNA,' ca+a1ysc=s "bothb"
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{ : ] e ;
: ). .;s.t..xgae;g ,ng that ﬂf‘e"?.?a"éfioh

"'"'.5'!"_:,;-_: & 1oca ""denatutﬁm‘?ion'érb‘nd thn 1na,t1al rea‘ctioﬁ 53,

St “\n . ‘ . - : _
1n¢reas& ‘in number wlth tlme and‘ eventually lead to tha o7
i',’ * SR ST - S
total collapse- of thc- blhellcal structure. After [..“reatment :
A‘l“l ., . \,.

L

TitH ,hm&ftnrrden %—st—saW—ef—é—Tc—éG%—cfn—be—sep&ta+ ' by

' ;;‘,.-..;-bup;.yant‘ gsﬂnszty centrlfugat:fon 1'1 CsGl of avarage densrty of e

,., BN

Delea*lzed dGA has a buoyart

w0 | *ggfw cvm_"3 (Flgure"’

L e n : | ‘ "\' - :
dé“"“l-._y of 1 8. g‘m Cm 3 (ﬂ ermlned hy proparatlve grad‘en
a@fmfugauon) - a

nv_‘

enzyme, P }

-of +h ,aédé

*‘14? ¢°pa;:at=%d etrand do ro; glve

\ . ’:_ v-u.



BUOYANT EQUILIBRIUM CENTRIIUQ&HON
c [qnc dGA] lN ‘c‘f;'sa —

0 I R e LA R l 43gmé'cm
B T CMC~d GA

f’ de¢1vatlze¢, dmc,dca
,al den51t;\_Lg gm cm-3). The': sample ‘Was. prepared‘
ting” dTC:dGA.' with - ctrbodllmlde ~asg descrlbed

B Cehtrlfugatlon was &t 52,000 Tphm, 25°C for 12 hrs.
fden51t1es we:e cbtained from &' paralle '




B

”Jﬂjkriénce gai”ed'w1+h the carbndilmlde suggested

i pe an 1d=al reagent for appllcatlon"ln the ap roach

: :; ﬁﬁﬁ6 d@termznlng angle chahge due to ethldlum blndlng p _poqed _1
—— — j‘ te ‘v. 5
‘5‘1;,~jﬁ_—ﬁo'the lanOdUCLlOHO. élos c1rcular DNA "was.‘pftlally

A B
prnpared from Ph1X17U 1rfec;ed __.__olit Problnm

0

were

- .

'fhcncountered 1n\'obta1n1nq suffic1ent quantlt’es of v'

Ty . N . L s

%ct‘eﬁlophage to 1nfec@the Gu'res.‘ Itwas lategx f»ound

.tha+ RF '“could be prepare& WLth equal facillty”ttomﬂn13 ?in;
,ﬁta» ;nfcq;ed E ; put PM2 ph§gf'9rown on Pseudomopacb BAL l_ifé
’ roveﬁ gg ‘vf.i.e::bééfatsouéce of: closed c1rcu1 r DNA for .gqu
» “'?tbﬁ, exparxmonts.illflll;;;A(k'&ﬁﬁylx‘u‘ . o R
;' fxihe rcact*on bf= wpep)carbodllmlde ard clospd clrcular
i e : .

'NAVIS solf lymwtlng (f*gure 18), ba1 g 51mila ;;‘Q Kfé_ ,”””‘

e

fareaCE*onf botwaen Formaldehyae and clased c1rculqr'

~, .'_ .

"freac 1ov 1¢ darrlod out undFr m ld condltlons (Dean_“
%TL g)n.‘ ..

'.f._'i\'a_rg_g. s&rbtchpsv of unmod1 flbd DNA mﬂd D“—“‘- avallable

eng%ura91ng“5+nce

4

na ﬂuclcaqe and llgasa.reactvons.JPancroat*cQ’DV'QSOifffj??fﬁ

[}

h% product cannot be

-sloulf

dﬁrlvat*zcd ;RFI

‘ +h1safenzyﬁE attacks

.#,, . J s
Vlllustratos h

Otherulqé féiﬁtf?*‘ L
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OSSec occurred
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results Sbown 1ﬁ ;figur‘,,1° ;‘  daep mlnlmum 1niﬁ£hé}}gjf7
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TS '*txuratlon curve clnarly resolvos the questlon of 516n of
e R . - e
C g#~'-~v ' T TR . kK :

'Ljnatural superhellcec ﬂih‘ favour ofJ‘negatlve. d1£57""

”gPaolet+1 and LeRecq': contc.tior that ethldlum oV@rwlﬁds thp£' f@i

-

:T{ﬁﬁj’f}”f“*ihéf concluslon f&;é{'cupportnd by an *ndependent pr00f

%

'fﬁiau 1€X ' -?,:f,,' R JAf. '.f gqu.’-f.ﬂ. ;Vﬂ g« “"'w
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T
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 f ,f7£obta1n°d f*om m1crograph= of parhlally derlvatlzed PMZ DNAu=H‘ 

e Tha mlcrcgraphs ,fsefé° prepd e;' Ublng Lhe 1 modlfled

B 1 A
fct

aks 1&71, with the Ea

'Ulfklelnschmlﬁw.procedure o‘“'Dav1s'
3fcxpec*atlon tha*»fit ~would ~b éﬁfp0551ble to v1sualfz%‘tko

h \ e Yy
. . e ,\(,‘. . _4

”wﬁq 5'.rad dcerat&ch r:glons g§ft~tﬁéf ﬁ'” ule. Sllqhtly - Qﬁ

: ‘_(%fcc than 2“%) der va+}zed c1rcular molnculeq dld not showd ﬁ"m
L T (,__A BN : N s
e s R - e L0
’ ’*zopen rbops, probably bcgause ﬁhe derlvatlzed roalonsggre too

‘psmall (hlghly derlvatlzed lambda DNA does showfjopep jloops

',"s‘-‘-e Platc 1) = - - .‘
S s U W T ' )
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"L/ure 19‘ Tltratmon oﬁfsuperhellcal‘
jhad bean Qéxlvaﬁlzed, nlckgg?':

of rlnq -
the DNA uere TN
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handedness ofl the-sbiral which is always the same within a

‘girea?preparatioa; A1l - photographs were taken " with the
‘cytochrome_‘db fllm lbelowu the qrid, and the f11m 'mulsion
facirg upwards.lrmagﬁ reversal occurs-durinJ prepara+ion ‘or‘
“hef ;egatlve,* this is corrected during prlntlng by plac1rg

the - negatlve émuL51on downwardo in the enlarger.' The flnal

prlnf'-shows the splral form' as it wduld be vlewed from

above.'witn'native M1§'Eflfand 1igh£ly dg@#ivatized FN2 ‘DNA
* (<12%) £he spirals are alﬁays ‘right "hardgd when observed in
an outside -towards inside .directien. With 'heaviiy.

derivatized  PM2'DNa<the_ébir51S ars always left handed from -

K thg'(same v1eupo*nt. Since the"reversal of . handesdness

“ correspond= approxlmately to the minimum °* iﬁ' the
=ed1mentat1on ccefflplen+ when measured agaznst the fractlon

of bases derlvatlzed (Flgure 20), it was reasoned thar‘ thev

handedness of- the “.spiral is related to the «&ign of
‘,quperc0111rg. Campbell and Jolly (1073) sugqesred.from lighr-
scatt\rlnq 'experlments that closed c1rcular DNA 6r low

euperhellt density can adopt a -+oroida1 conformation in”®

~

solutlon rather. than the 1nterwound form usually observed 1n-'

electrorn mlcrographs (see flg 4) . The" two forms of *the

fcuperhellx are topologlcally equ1val nt, bu+ appear a;;;lrst‘

‘glance ro.}ave opp031te handedn;ss of ,supergo 11ng becauSe

of & 90° ro+ation‘of the sdpeihelix'axis thatﬂocqu;s daring'\.

‘ corver51on of one form to the other (V*nograd 31 él;"196éf?
»

The highly ordered arrangement observed 1n our mlcrographs,

. - -
’

may-arise by progress;ve attachment of a tor01dal molecule
. :_ LT .' . . . . "' . » . ‘. B Y . ‘.

. /‘ . . e ‘:, o e



, ‘v .
. i W . -
e — . - T — B T - “_*-‘";\i""" R . -
' » o
\) ! ” v
P - - ST 520 Vs /reochon with" corbodumlde o 1
s “ gi s0l- calculated from Ap b /:—————-. .
‘. 0 P ( .
< ‘v 'y . : .
\ -0 .
w 3 _ , 7
;2 e b4
oS -~
) 3 : .
\ . ' 30 ™ . \ - -
A to N
- 4 ' , o\ .
S . - -
: : DS
« \
., ) I 1 [ ! 1 =1 -
L0 5 10 « 8 2 25 - 3 - 35
. - g — /iReaction’, from Ap o

-

, . Figure 20. Sedimentation coefficient of PM2 DNA plotted as a
. function of the percent derivatization determined by the
~ buoyant .density shift. .PM2 DNR .derivatized to varying
"extents . was obtained by taking aligquots from standard
‘reaction mixtures after different periods 'or incubation.
, Very early points were not obtalned because .0f the rapldlty'

“of the initial reactiorn. : i

ed

~
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Cap

Jto.'the éytochrome c fllm. Negatlve superhellcal furn= in a’

* PRI

torcidal molecule wlll cause the- molecuie to, cyrve. in - a’

~ "

right” handed directidn as attachment'tp-the film-broceéds,

L

: ’ : N : 4
wvhile positive supertwists will cause left handed curvature

(?‘ghre 21). If the superhel;caTWturhs are'at'the same - time

forced into. the part of the molecule not yet attached to the

’.

fllmfthe superhallx densxty of the anattached portlon of the
L3

,molecule will 1ncrmase, as w111 the dogrce of curvature. .

Thereforeia negat1v01}~ supcrtwlsted molecule will splral

Ly

~irwaXds in a righ¥ handed dlrectlon, whﬂle a positively
‘supertwisted_molecule w111 form a left handed splral. Since
rative M13 RFI %04 ‘lightly derivatized pu2 DNA molgcules

. form rlgh* handcd spltals - the suportwiSts iaré negative,

!
nghly dn 1vatlznd PM2 DNA is p051*1ve1y€%upertwlsted since

.the mercules adopt a left handed spiral conformation.

'Y (<]

‘v o . .
~Spiral forms are occasionally found*in micrographs of

high moleéular.weight‘1inear.DNAg These probably arise when
T \ "

ihitial attachment of the molecule occurs at two differsti

sites, forming a topologically closed unit. A small excess

or deficiency of helical zurns in +his tegion canh theh be
. : > e

man-ifested‘ e spiral. In lirear molecules right and left

~

handedvépirals are observed with equal frequercy.
v : B ,

Beyond provzng;'he handedness of natural qnperhellces
the method of synthesizing negative suporc01ls offors a

simple method for determining the value of the' unwlndlng

‘angie due to birding of thidium. In order to maﬁg_thié“

s

® .
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| ,Figure 23« Illdstration of’ the. proposed mechanism of spiral _
- 'formation by progressive attachment of a_ .toroidal -
\'supercoiled molecule to a cytqchrome monolayer. The spirals
formed are viewed from above as in the electron microscope.
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Jcalcula**on it is neceqsary to know the exact. fractiénf of
available pasec inﬂ the duplex thwt are derlvaiized at. tbe %

tlme of ring closure (1n natural DNA a 8mall fr&cnion oﬁ th@

thymine and guahlne tdszdues cannot be ‘derlvaylzed because

of sterlc hzndrance,_(netz and Broﬂn 1960)). . ) . : e
- .‘ e . %)w ' T ”

w .e‘

. N '
nuuyaft~—ﬁeﬁ51ty—~sh&£imwasnag_appgopnlate“paramgLQL;Lo ?}

: Tt
measuce since’tha cbangc“upon"completo derivatization 1is
> . . -

. ]
arge ‘and can be da*crm;ned accutabely- PH2 DNA.and.M13 RFI

A}

are unsu1tab1° fot ~he p;uparatlon of standard curvaﬁ sipas
it is ne essary .to ‘1ck the DNA before 1+ will react

completelyqplth the reagevt, <1ngle . stra ded breaks are

’

probable 'starting points fof " the reaction of'the reggent
: . o

-t
\

with DNA,; and the. pdrtially reactéd - products of v§tw6\ a

molecules nicked a different number of times could Have -
widely differing deqrees of reactlor. This difficulty does
mgt ‘arise if a monodlsperee linear DNA is used to prepare' :

the standéfﬁ curvg.)Lamb@a DNA wasxﬁhOSQn for this pufposé. O

1 4

Rcact on of DNA ulth the cafbodiimide resultc,_in a

large 1ncrease in the optlcal density,at 290 nm. Since this

wavelang h is i# a :harply sloping part of the ébcorptibn.'

spectrum for both the sta +fng materlgi)and tbe product, tho

absolute change ~ in Optlcal' denslty cannot ‘be used,

.Teproducibly te dete#miﬁe‘ the extent ofs reaction. If a

pa*allcl COnt*ol'.i$' allowed to react completély with the .
. . S a

reaoent it can be uscd g getermine the fractiom .0f+ bases

"derivatized at n+ermedlate stages - in ‘the reactjon. This

-

(3



~p . '

. . . ~ ol = S
_method of detnrmininq the 4 1vatized "facti

. the *1m¢ pf ring closurew Any loss of bound

cannot sbe utilized for the e%?srimcnfs s outl':
i 4 G ll

1mportan+ quantity is. the»fractlon of bas

re

e

the 1n1t1a1 steps in ‘h; pr0cadure would - not bdflgxch‘ii '/

Fur*hermore closed c1rcu1ar .DNRA does no; show an 1ncrea§a in

. opf1cal densﬂty Darly in the reabtion even +houqﬂ’a buoyan‘

!“ . dencity ‘shift canﬂ'bé detecteds .Thisf"mgy ,bg , e ~0 a ".J
* cbnéorma{ional '5hange' in the knraac*éd!‘por;ioh of ‘the '
fg\ = . molecule wiih ar associated optical hange- When | +he

¥ AN

“the 1Ptr0d0ctior, the requ:red degree of reac+1on is !’hllar_

' ftah*ion of finel change in optical dens*ty for - lambda DNA

'i%: plottcd dga*ns§ the bucyant density Shlf? a lid&ar gkoW’/ .
_ > » .
was obtafhed (Flgure 9. ' . . ] e L

- O . N B ‘A et PGP A
.+ * When +he sedimentation ,coefficient of PM2 DNA was

rlot#ed 'agaihsfbrfhel-frattion .0f bases derivatized -a deep

™~

-minimum appears in the curve, at 1€% reacticn, (see Figure

» -

20) . A:sumlng that the derlvat*zed portions of ﬁﬂf moleéule

A
ars c0mpl°*01y un"ound +h1<'1mpllés a suparhellx d=n51ty of

0

.=C.16, three’ _lmas ‘tat obﬁaincd using the assumpthg’”f 129

unvirdipg by ethidium (Gréy al, 1971). While the first

aeaumpflor may not. be vallé lfor the -redsons discussed ‘in

. 1 M
to that «chown by Dean anh Lebowitz (1971) to . he necessary

- .
.

beforo a m¢n1mum sedlmentat;op velocity is reached for .pM2

~

DNA +reated ul*h formaldehywe \ ‘.V‘
. o f . i . ~ " .
It -was necessary. to show that the dederivatizatibn

-
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g ¢

. ’ ¢ A_v’
teap+ion could be accomplished éathout Ioaving a sigq&%‘?ént v

: number -of defec+s in the molecuhe, since these cou'd cause//

L4 [ 4

aPOM&lOUS results’ when final superhelix densi ies

I' < “ ‘ \ - - . / . AVt . : | ]
measurﬁék? PM2 . DNA vhich ‘had- " been hehvilx// tre& i 9

(app:g:iﬂ‘fely _25%) v1th the réqgent, but notlmgck' nofg‘ v

reseamdf wasyed%riva‘rlzed inder the conditions used i,n/("t_'.h‘é,i B
P

NY
. otheﬁégkpﬂr ﬁeaff Samples iaken at varioué tlmes Q?fxng thq

dederivatlzuinn showed that the sediman*ation oéfﬂZf&eng
/

3 ) \ * » *‘ . r
uvdergqes a roverse sequencge of’ changes to those 09 erved

. - ,\) . .
durlrg thé dcrivdtlzation rcqction attaining. after 2& hoUbs,ff

d

the lnltlal sedlmnr*atior COfolClent, ,-(27 Bs) \o
) ~ . ' v .«' ’ ‘\\

underiva+1zed PM2 DVA (Table 1)._A Small nUmbo' , d%fects

‘porqlstlnq in th= DNA af* r the-deda*ivatizatlon would lead

-

K : . . o X
" ' -tJ ‘ . ce R ' . ' -

L

’ . Table 1, co : 9
. - T 7/ . : ’
. time - - n .
" te - o 4 2 ’ -
, © 0 hrs.” C 2708,
o &Li 2 hrs, - .. 25,6
.,. v \ 5 Ers. . . ,‘Al"' ;A ‘-260“
S : 14 hrs. ' - 3K.8
C 28 hrs. . 2149

.

Dcdcrlva*lzatlon of PM2 DNA. PM2 DNRA u*th apprOX1mat91y 25%‘

'T*Bf\tgs\avallable ™ and G residues derivatized was incubated
a* pH~1C.9 in 7.2 M sodium carbonate/bicarbonate buffer at

24,590C, Sanmples taken a ke time indicated weéere stored at
—-2(°C af*=r low2ring the pH to 6.5 with C.p M potassium
‘phosphate puffer, o ' .

-

to an increase in the sedimantation coefficient analogous to

that -which occufs after.slight reaction with formaldehyde

. (Dean and lebowitz 1971),: and .canbodiimide (Figure 20). -

4
B

r" i".v_
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i
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Dur1n$w“%Qe dederiVvatization reaction appgoximately 50% of

.
b

‘thg molecules receive simgle stranded breaks.

Ny \ B
‘\ ,‘ o

-

If it 1s assumed that DNA 1n the derlvatlzea regions is.
e ‘ ., . i !
qqypldtely unwound* at the time of_ ring closure the’
//\ . P . .
euperheiix dens?ty of the dederivatized molecule should be

/(ho same as .the fraction of baseés derivatized at-the time of

rlvg closu‘e. 051ng *hlc aesumptlon, and maﬁing a-correctlon

for the superhelecgﬁ turns lntroduced by the change in -.8alz
. " - . .
concentration Setween resealing and sedimentation
- N . >
& > .
cond*flone, the unwlndlnq mnqle due to ethidium blndlng was

ta,
.

.calculatad td . be =330 for the. experiméntal data shown in -

.

Figure 19; (set below foc details of the calculat¢on).. This

~

3

- 'ig  almost three tlmes the unwlndlng angle of —12°~that has

hzer used in gtev;ous calculations of SUpE&lelx density,

- i
e . . - . .
ard agrees w;tﬁ'the high degree of derivatization necessarye

before superficlical-turns naturally present in BPM2 DNA .are

released by derivatization.

o,
&

'Ir an.additional experiment to'comfirm“this result the

A Y

mammalian w enzyme (Champoux and'Dulbeccok1972) was used to
* ’ Py

relax éuz DNA"molecules§ which gpad been derlvatlzed to

Varyin? éxienfs. As noted in the dntroduction this enzyme
[ 3
combires | the functlons of .the 'endbnuclease I and iigasev

treatmeut% of the oriqinal experiment, with a large saving

ir ‘time,' and much hlgher ylelds of relaxed materlal. After

.treatment ulth\enzyme "the pM2 DNA was dederivatized and “the

. . . . I
superhelical ' turns were titrated. (Figqure 22). .The unwinding

’ P
. 4



. 96,
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angle due *to-bound ¢thidium was calculated in the following

. A LA . - '
marner: | the ratio of hdéund dye molecules to phosphate
rosidﬁesv (v&),_coerSpOnding to the minimum in the
sedlmcn’a**ck gcoef f:.c:.ant was ’calculated ) gsing “the
¢ d « ¢

rela*lorshlp v'-C x2 65x10~(0 261 - v') where C is' the

)
molar cdrcen*ratlon of evhidium (Gray et al. 1971a). FOr the

molccule fhat had 12%° of ‘its r951dues derivatized v'=0,103

dye moleculss bcund b4 phosphate For the moleculn that jad

, bez; r&laxed but not d~r1vatlz=d v'-q.02C6. Lhe diffarené%
betvween ;hése rumbers, G.OSZU-is~the number of dye molecules

required *o compensate for the superhelical turnsi formed
‘ : N . L] -~ ) ¥ "". - - “
during the dederivatiza*ion reaction. This is equ1valen€§;o

;1.65 dya moiocules / turn of primary helix. “The unviﬂding

angle Jﬁe to d?qIVatization vas 7, 12&36Q9 = 439 therefore 1
,{ ' L)
dye molccqld/unwlnds t he h°11X oy u3°/1 65 = 269,77 In* the
1 .
<.
case of PM2 DN A thch had been T% dor*vatlzed the calculated \

wnwinding . aﬁg;// also found '16 nbc 26°, within

_7'experimental arfor of th> value obta*ned in the prcv1ous
" ) .'_ "
SXperiment, . lénding .furthar suppott to the cortentvon that -
'accép*Od valuas of superhal x, +density 4Tre too low by a
factor of 2 or: 3 S k(‘\\ . -

e In add¢+*on +o the llnes of ev1dpnce already dlscussed

~sthere are eeveral othars whlch point to the p0551b llty that

~

' +he accepted value of the unu*ndlngAangle of —12° is téo‘ltn‘

low. Dcnhard* and Ka*o (1973) have shqwn that- ultrav1olet

1rrqd1aflon of ph1x17u RFI results _“n‘ a"ézcreaSa in the :
’ "‘ " - v‘ ) ' ‘ . . .‘ .
‘ - ¢ " . . S

t - » i ’ : \ J_‘\



-- "\l/ | (‘ "\, ..
o3 i :
.] “‘a . :
- . N‘ AN St ‘1' : : -
" w,PM2-nicked, resealed in 0.125M NoCl, SmM
" I ' . MgCla
- 2 » 757 derivatized PM2 relaxed withy W in
_3 « 7 0.2MNacl and dederivatized -
'ﬂ [>] 127_ [ ] : [ . .
0 "E .
3 oWy - _ |
.o. .—.-_—‘.‘—‘ i .
0& . L ]
wh @ ]
o -
\_—/’\
' . .
sl ) ! — 1S g
0 ‘ 5 B 10 ‘& 20
L , S [E8), pg/mi- . -
) ' ° . . whiee . ‘ ) ' ‘ ‘- )
. 3 ’ | . : , |
Figure 22. Titration of superhelical- turns in PM2 RFI that
. had been derivatized thén relaxed with mammalian v enzyme

. before dederivatization (see p. 62 for details).
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superhelix density. 'They calculated on the basis of 120
ﬁnwinding by e+thidium that the ’decrease“in winding angle
caused by the forma+1on of each pyrlmldlnc dlmnr was 5.509,

less fhan +it 0 unwi ndlng angle predlcted if the atructure .

K .Qf the pYrim¢d1ne dimer is the  same ds *hat studied by

#o unwinding ‘is

T

+ Camerman and Camerman (19€8) . The value of

L.

an an overesgimate

“more 1likely ‘f6_“BSN‘Eﬁfnﬁﬁﬁﬁfggfiﬁafé¥

becausc hydrogsgn nd b"cakaqa anrd base \uns +dck1ng may occur

in +h~ region o

- v

a pyrim*dinn'diger.

\\ - Kasam?tsu'gi al. (1971) have shown that.heaf treatgent_
of P—loop@@ MitQChondrial DNA increases the Yérage appam—r+
Superhs1iX density from -0.C12 to =0.02%. Ir *he heating
proc:ss a =inqgle strandedA piece of _ DNA cérfegponding' to
approximately 3.3%1 ofv.tﬁé gerome is lost. The p%édicﬁed

increase in~superhgl@x dehgi;y is therefore -0.933, mére

o RS :
A B o
an¢ +hre¢  times thé; calculated from +the experimental

esults on *hs basis ¢ -12° unwindiny by ethidium. E
fwg_‘\}d o . . .
«,snm“x

i -/ggggi. &1972) studying +h° interaction of th=~“u

i"u\th cvu" DNA  wgre able ‘to observe open

{@med DhA with bound  protein after

flxatlon. These»loops are variable in size,
shown wete much larger than the 3, 9% ‘of the

- , ge;o e.  1length predlcted-’frqm the published supg;hellx'

density (GTay et al. 1971).

Wang (1969) and Ivanov 'g; gl;' '(1973) have roted a



-%uoorhelical DNA a% var ou< 1on1c strgngthq. Ivanov et al

'if'{he'unwlnazng_anqle due to ethidium is greater than :120
[y ’ .

LY
3 )
\

Aifference befusen'fhe 6bservpd and pfadicéed ch specirg of

LY

(1°7?) explalned this 1n terns of acvarlable unwlndlng angle

'v‘ coae! LN}

due to ¢thid1um the result could al*ernatlvaly be” explained

~

_at+ all ionit strengths. ' :

»

. ' . B .

‘.

reacticr of PMZ DNA with small amounts " of formaldehede

.
: rpqults. ir an appacenL increase in the suparhelix den%lty

]
' 7

prafcnts a puzzllng anomaly. Similar offects have been roted
by Denhardt‘e}-nq Kato, (1973), wﬂt}lm PRiX174 FFI  which

contained a small number of pyrimidine dlmers, by Bacrmar

and Lebowitz (1973), in closed c1rkular DNA whlch ‘hadj

rcacted partially wi th mothylmercury, and by ourselves w1th

.8 . .

s . % oo
possible explanation of this effect’ has it+s origin in the

difference betwéen tifriﬁ)e and true,qqu*hellcal c01ﬂ1rg

oq

The-_observétioh ”qf Dean and Tebowitz (197i) that

- +he reacticn between carbod;imide ard M13 RFI (figure 23). A

noted in tke introduction. Freifelder (1971)f found that,

‘,, . - .
1nferca1at10r ~of ethidium into DN2- causes .a marked

‘stiffenind @f the duplex. ”h= effect Appears to be a genDral
proper+y of 11\ercalat ive dyeC’51nce Larman (1961) has shoun
a large increase in th=e 1ntr1nsvc viscosity of DNA- acridire

dye complexes Trelative to .tha*  of uncbmplexed DﬁA. The

s{iffeniﬁg sffect may play a secondary role in +the removal

0f superhelical turns from non-denatured closed & rcular

-~

DNA. Par+ial denaturation of +the iclosed circle would

)

e
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Figure 23. Sedimentation coeffiéiént of M13 RFI as a .
function. of ethidium bromide concentration after light-

_derivatization with carbodiimide, showing an increase in the

apparent superhelix density relative to hative M13 RFI. The
position. of the minimum in t e.titration curve for native |
M13 ‘RPI" is »indicated by the arrow. The degree of reactionyef

this DNA with carbodiiwmide was not recorded.
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'deﬁaturatio sites, 1leading to an apparent décrease in the

L Can
. : ' ' { . X
alleviate ‘the effétt bi permitting DNA to bend freely at the

g

‘unwinding anéle due to ethidium. Evidence ‘in suppért of this

explanation can be derived- om viscometic studies of DNA at

varying ionic strength (e.gh\Rosenberg and Studier. 1969), S

considerable increase <in the Stifgness of DNA_

which .show a
S

as the ionic‘stréndth is.lowered. Wang_(ﬁ969) hasg shown that
' ‘ . : T Tt '

the apparent shperhelix density of superhelical DNA meésured“

by ethidium bromide titration decreases as the ionic

strength 'is 1lowered. - The common origin of?\Q:Etwo 2ffects

shggests (but does not prove) a close relationsh pe

o . L~ .

", . -



~opan loops are observed in highly derlvatlzed llnear DNA by

-~ electrcen microscopy)e. Since we, had no r'trong evldence that

102

VT
. .

Reversib;g redction of DNA with reagents other . than water

Because the water soluble carbodiimide is positively

charged it is - conceivable - that ionic interactions ' could

exist between -the derivatized strands, even though these

must be small (sihcerrhe strands of d?C and d4GR can be

’

separated . buoyant d°n51ty equilibrium centr5fugation and”

tte der1vat1zed strands oF the closed c*rcular DNA 3in fact
\’ﬁ“ :

‘adopfed t+he @ OPlcally faVOurable. unwound conformation

»

after derlvatlzatlon a rumber of reagents capable of

reversible . reaction with'DNA_were examined for possible use

@

in control experiments with the same =xperimental design as

_those using the carbodiimide.

cahrot be 1isolated, but. those formed  with  cytosine,

avormaldehyde reacts«with mononucleotides with kinetics

>

suggest*ng ‘that the reac+1on is freely rever51ble (Grossman
~
1968). The product formed with thymldlne is unstable and

-adenosirne and guanosine ‘are fmoderately stable and Can be

separated by’ thlntlayer chromatography (Flgure 2u) Previous

“attempts to renature DNA after prolonged dialysis to remove

! cthe formaldehyde were unsdccessful,(Grossdan 1968). probably

because of an irreversible reaction with DNA which could not
. . . . *
be detected spactrophotometrically. It was hoped +hat by

manipulating the copditions‘ of the initlal reactlon the

+ J

~.solu ]_e,,_. Ibod;li,g.ider,,_'_‘__.,_._..,,_,,,,mv___'_fhﬂl‘;,(_,;_r S

¢
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Figure 24, Separation of the‘proddcts fogmed'by‘the reaction
of HCHO with 5¢*nonodeoxynucleotides. Reactions were carried

out -in sodium carbonate/sodium bicarbonate. buffer pH

10.9

with 7% HCHO freshly depolmerized by heating to 100°C for 15
minutes, in solutions containing 10 mg/ml of mononucleotide
for 100 minutes at 25°C and 900C respectively. 1° microlitre
samples were chromatographed on cellulose thin layers, using
caturated ammonium sulphate: 0.1 H sodium phosphate pH 6.8%
2-propanol 100:60:2 as solvent. Resolution of the reaction
_products of dANP can be improved by diluting 7¢ mls of this

, solvent with 30 mls o: water.
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irreversible reactioﬁ could‘oe eliminated.

Cyt051ne formira 51n§1e productwith- formaldehyde underﬂ-_u-»___.~
all COﬂdlclODQ oxamlned, and so presumably was not ‘the site ‘
of irrcverSiblo rnactlon, houever purlne nucle051des each
form two dlfferent products. The temperature of the reaction
strongly affects the nature of the products formed by dGMP
but there is no. effect on the ratlo of products formed by

fdAHPg Attemptq o purrfy dnd' further' characterize thz2
products formed vere’ orly partially- successfu%. The
coméounds uith ‘dAHP appearéd\ to decompose sIbuly to' the
parent compound,‘or cne ulth ar 51m11ar spectrun. This was
also‘ rrue for rhe faster’mov1ng product with dGMP, however
the slower mlgra+1ng product did not decompose at neutral
.pH;- This compound has a higher optlcal density at 290 ni
than dGMP which suggests by analogy with the. carbodllmlde
adduct . that . the site of reaction is N;1. This compound
decomoosed.to'dGMPWupon incubation-at ijﬂf, leading - us 'ti)
expect *that 7previousi féilurés'to renature derivatized DNA
éftcr :g1a1y51s may have Dbeen due to +the presence _of
guanylg}e r951dues modlflpd‘ln thlS way, howover when ™7 DNA . "
which had reacted with formaldchyd= at 25°C (in 5C% erhanol) |
”vas;_ eXhauStlYelY‘ dlalyczd agalust dilute alkali tha
fiuoreScénce enhanc mont in dalkaline ‘assay mlxture of a
'cample- of tuis .D‘A was -approx1mately 70% 'that 'of an
equivalent’sample o natlve'"7 DNA, A large fractlon of this

(50 %)was cros 1inked,as éhowu by recovery of fluorescence
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after heating. The .thermal melting point of the formaldehyde

\ , o

7ftr°ated DNA ir 0.1 ™ SSC was found +o be 6°C lower, and

somawhat broader than that of native T7 DNA. The experlment

shoved \that ‘although DNA can be renatured after treatment

. 4

with formaldehyd° by dialySis at alkaline PH, a large number

of de fects pers1st.-A p0551b1e site of 1rrevar51ble reactlon‘

is c=2 of adenylate res;dues. Thls might, not be detected

qpecrrophotbmetrlcally since. the spectrunm of C-2 methyl

-

adenosine is vnry similar to tha+ of -unmodified’ adenosine

- (Hall 1971).

A}

‘Glyoxal and other 1,2 dicarbonyl‘compounds are capable

.~

of reactlng revprlbly wlth guanine teSidues in-”ﬁ?haihred
DNA (Shaplro an@g Hachman 196&). Unfortunately the acid
e

conditions required for reaction of glyoxal itself, and

malntenance of *the\ derivatized product aro unsuitable for
_use. with h*gh mclecul r Holght DNA, 51nce depurlnatlon with

=ub=equert hyd*olyels of the phosphodlester backbone OCCUrs,

-

\ -

s not apply to the reaction of DNA

This objection  do

with Qlyoxylate. Eiperieno »with'this compound §howed it +to

be unsuitable for .use in Yhe intended éibériﬁeots.'but the
reactioh with DNRA uill be \ discussed sihcé it has ﬁot
préviougly be=n reoorted. G yoxyla is specific.for_the
purine‘bases.'A single product is formed “with adenosine
uhicﬁ is unstable, -and ﬁecomposes after-separatiog.from.free

glyoxYlate. Deoxyguanosine and \dGMP ' -m a series of

compounds dépendiﬂg upon the conditions - teaétion; At pH

o
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6.5 ‘(ZS°C in 1M_-gyoleate) ‘bdth formed a single product

whlch fluoresced blue when exc1ted by 1long wavelength dV

106 °

P

ligh*, the spectrum of the compound formed by dGMP is shown

in Figure .29.- The. combpund"formed by gJuanosine has a
hegative -charge (shovh by paper eleétroﬁhoresis), im@lying

“'the .présence ‘of a free carboxyl group..At pH 10, > the maln

3
praducts are non--flucrescent, neutral compounds ,with the

spectra‘ shown in Flgure"ZG.. Since there is novimmediate

charge in the gpectra of these cohpounds at pH 13 N=1 of the

guanine _fing system 'is probably blocked, Fven,‘ after
prolcnged  raaction, at pH' 6.5, or 10.5 sbme' f{?e

’

'deoxyquanos*re-remained, suggesting t+hat the reaction with

glyoxyla;c is. revors*ble. However when T7 DNA which had bsen

Fﬁlly derivatized with glyoxylate was dlalyzed exhaUS»1V°lY
. against ﬁlluta &?k@ll thé resulting materlal‘had va thermal

meltlng point U4°C bzlow that of native 17 DN!- Glyoxykéq\

o +the réversability of its reaction with DNA, but is still

nsungbls for use in ths proposed experiments.
: vy ) \ .. -9

_The reaction of DNA® with acetic anhydride was ‘also
investigated, however depolymerization of the DNA resulted

. - A
. o P

(QH 7 maintained by ﬁH—sfat):

ierefore comparés‘fayourably with formaldehyde with -regard~

.

from reaction with this reagent even under mild conditions

-

L}
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o COMPOUND FORME" s A.I pH 65 BETWEEN *'
N . dGMP A 'f.»‘ﬁcuo coo™
0.D. : e
et

1-2F

R

240 .~ 269 280 3000 3200 - ¢

s, nm ° W

quu&e 25. Spectrum of the compound formed at pH 6.5 between
dGMP and potassium glyoxylate. A_ solution containing- 10
mg/ml of dGHP, 2 M potassxum glyoxylate 0.1 M potassiunm
-phosphate buffer pH6.5, was allowed to react for 72 hours at-
240C. The product was separated from excess -glyoxylate by
, chromatography on Sephadex G610 in distilled water. This
compound is hlghly fluorescent under 1ong wavelength uv -

llght.

1% ) -
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" COMPOUND 1 FORMEDA] 'pH 10-5 BETWEEN
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Figure 26. a.;'The spéctum of' compound 1 formed between

“‘guanosire and ‘glyoxylate at pH 10.5. A solution - containing
10 mg/ml of -guanosine, 2 M potassiunm glyoxylate was adjusted
.to pH 1C.5

with 1 M 'NaOH apd-alloved to react at room-
temperature for 48 hours. This prosduct was the leading peak
from Sephadex G1%.It is slightly fluorescent under short .
‘wavelength UV 1light. . : _ » . g
‘ ) . -

!
. P
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COMPOUND 2 FORMED AT pH 103 BETWEEN
| dG AND CHO-COO~

onl . | = ‘ I

_ ) ’ /(/'d’fg\\\\ - ¥pH 1 ~—

O-3% ' /4 o GpH 7 .
’ 0/‘ _ ' S ° PH ]3 .

o N

o1}

} o \tg+
230 250 ¥ 270 290
. -NV ..vi
. . »

| Figure‘ZB; b.'Spectrum-Of ¢dmpound 2 obtained from the same °

" reaction mixture as compound 1. This eluted with the salt

peak from sephadex G10, requiring - a second purification
using Dowex—2 Cl— td remove residual glyaxylate. :
U N Rd ' : - )

E:_ . o
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éOnsequencés' g§~.§g_ iﬂtregsed unwi dlﬁg angle due gé bound
» T
’ - # ’ ’ ’

- range of valass found us;ng theeformerly accepted value fof.

e — [N

'.examlned have' ‘been. found to have superhel1ca1 turns of the

&

Ali“hatuﬁﬁr‘“closéd 'cicular DNA's that have beep_’

same serse, which has been shown’ to be nagatlve bo*h by the

—r
-

N

the unwinding angle due ‘to ethldﬂum blndlng of —120 is qulte
narrow, from -0.012 to =-C.C58 with the majority falllng
around —-G."3, According to the results dlscussed previously
these vaiues.'should.,bs increased to iie between'-C.03 and

~Cs15, with the majority lying betweén ~C.08 and —-0.1., This

.i& +the magnitude of superCOiliné,pfediéted by the models of

)

chromatin structure discussed - in ‘the .introduction. The

-

providing +hsre is orly sne DNA duplex is coiled about the’

perhelix axis in the chromatin fibrel,

. N ) : . ~ ',. * '.

Direct svidence in favour of a left harded primary,
superhelix ‘comes from the observation £hat'vsgetative svug.
-DNR is acsoc;ated with  histones and- other chromosomal

_proteins ira fast Sedimeﬁfing complex (Levene 1974) and has

-~

1 I+ would 1mply a rlght handed supercoil if tvo duplexes
are coiled about a common axis (see Figure 4) , conceivably.
+his situation could apply in late interphase 1if daughter

"chrecmosomes remain - assogiated prior ,to metaphase

condensation.

. : . 1 -
results discussed 'here and by Schmir 2=t al. (197&).?Theﬁ

| L f'/
negative <sign implies‘a.left(handed first order superhelix

%

-
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a begative superhelixdwden51ty which is elther 75% that of

[

v*ral DNA (Easor Jhd vlnograd 1371) or thn same as viral DNa

—_— e e A e .-

(Mayer and ILeavine 1972), ndependlng. upon the ,method of

isolation\__ (Partial relaxa‘ion by w during gentle isolation

y ' " : . .
-may be responsible for the lower apparent supsrhelix-density

. s ] . , .
ir. the «case of VFason -and Vinograd's preparation), 1If

" ethidium unwinds the dqpléx by 220 the sﬁperhelix density of

the intracellular viral DNA is ~0.1. the value predicted for °

left handed versions’bf Pardon and W@lkins' model (1977) and

that propoced -on page 73 , but not the model of Bran and Eis
N, ',‘

(f°’1) ( unless theré’1< a net overw&nding of the primary

hFl*x, wh*ch is qu1t= concelvable since the CD spectrum of

'PUClCOhlctOPG can be 1nterpreted as belng due to mixed A,B

— c—

‘and C formc of’the h@llx, Hanlon et al, 1972). .



The free energy of supercoiling

o
T ”‘—'An“i‘m portant m‘e‘a's uresent for our undeérstanding Tof’ “DNK™

conformatlon isg Lhe free nnergy requlrnd to#listort a linear

_ B P

helix into a superc01l.' One approach to determlnlng thlS
value was followed by Bauer and Vinograd (1970) who measured'

+the free\energy available from superheiix unwfnding for the

binding/ of 2thidium to closed circular ‘SV40 DNA at buoyant

s 4

equilibrium in CsCl.

Their calcula*icn showed that .in its native supercoiled

—

DNA has a free energy excess of 18 cal/mole _of

-~

y
. sf +e thi

mn

nucleotide over the rnicked molecule.

The free ener gv changc d4G that occurs upon bﬁndlng of

dv moleculec'of an 1nt°rCala+lve dye per phosphate residue

to - a closed circular DNA can be written as the sum of two .
) . . . . ) . N . I v
terms dJG/dv = 4y6 /dv + dgG /dv. The first (dgG /dv)
~ . 1 s _ ‘ , 1 '
4t represerts the. change in intrinsic binding constant of the

dye. to a linear bNA; Idéally'this term should be 0, but

D

-

becausé ~of~*sate 'h ter ogenelty,..and' poSSibly becaus° of
interact 10r betveen blnd*na 51tes‘ a smaii change in :tne
‘blndlng .ccnstant is opserved with .increasing v Ysee'ﬁiﬁure
25); The eecond‘term (dJG /d?) is'éone funcnion of @ [£(8) ], -
the anguler distortion thzti occuIS‘ in -tne primarf' helix‘ }\~
dufing ~binding- of the dye. If a constant unwlndlng angle m:

per molecule of. bound ethldlum 1s assumed f(E) = f(av)'where

.~ | L3

a is a proportlonallty~chnstant dependlng upon - 0. Since
o ’ , :' — - . SR

'
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JGO = —PTIn K, where 'K is the bindidg constant of °

b ‘ b
ethidium *to - .. DN dJG/dv = —RTd(ln K )/dv ' and

d.zc /dv = —RT d(ln K )/dv - d,zc /dv. d,m /dv and d(ln K )/dv
S 1 b

- "% .canp both bo determln»d experimentally by plot+1ng'an Vs, V

b
for lirear and_Superhelical DNA's respactively.

Plots of 1nK vs. . v proved to be linear to wﬂéhin

}experimental'erfor‘for M13 and PhiX174 RFI's and for PM2 DNA

*herefore 4G /dV can be expressed as —k(v,—f%’)*where k is

frae encrgy'of supercoiling'availébie per mole of phosphate

ir the absence of bound'dye, doublé this value gives ‘the
’ ’ .' .. ‘ , - ¢ ’ . ) ’
free epcrgy of ‘qupercoiling ﬁérf'base' pair.

A clnplc method for obtalnlng th@ binding co“stant K
EERE T
is té6 measure the relatva fluorescence pnhancement (X) of a
" solu*ion- corfa:nlng a known concenegat;on of ethidium

binding = sites, .against that of two other ' solutions

¢ - . 113§

b

the diffcréice between. fhé ‘slbpes B difﬁ K )/dv ard
d(iﬁ K )/dv and v ‘is the molar rééionof 'dye.iﬁo sphosphaie”
for _whiéh K = ;;' » integrating bégﬂeenAv‘# C and v ? v
_u»é'obtain; Jz o= ikv2/2 + kvw ] = kv 2/2, 'wﬂich is tge
: ' = c c :

corvairing th2 same concentra+tion of ethidium ~bromide; ore.

containing.no DNA (ﬁldérimeter scale set at 2) and tﬁe,other‘

cortaining a.large excéss of linear DNA (fluOBFmeter'Scale’

set at 102). In solutions of Iow optical density the normal
. ‘ ) ¥\ - - .- ‘ . - o
. choeice of -exciting wavelength is 525 nm since this ?s;the



&
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optimum for bound ethidiums hovaer the opticéir den=i%j:' f

* the qolu+1on in these experlments 15 signlflcant and because

the absorbtlon maxlma of bound and free ethldlum dlffcr

colour quovchlng becomes a serious problém. The dlfflculty

*is avoided by exc1t1ng the complex at 51C nm, Qhe isosbestic

‘point in ﬁhe' spect:a of the bound and freé- dye (Waring

I'4

“1965);§Quenchiﬂq of fluorescence of bdund ethidium ”by free

dye - through éxcitatioh transfér~:does not appearftO'be a
. N . . ,

sigrnificant since the binding '‘constant of ethidium to linear

DNA, calculated from the results of" these . experiments, is
approximately constant  over tﬁé” rahge- of ethidium

1

éoncentrations used in *+hese experiments, and the results

are reprcducible over a range of DNA concentration. .
| . .

£

bound tc DNh  (X/100) - permits direct qalculapion of the

ccncentrations  of bound @and fres' dye (¢ . and ¢
- | " : - o b £

TasDeetivaly). The concentration of free binding =sites is

»
.

sites (C = C '/5, see LePecqg and Paoletti 196¢7) . and . the

s P

',.concentration of  bopnd,dyé'(C )+« The binding constant K,

b | b

List b C /(C x {C -, C))

b £ 5 b ' : o , :

Knowledge of the fraction of ethidium in th2 solution’

+he differerce be‘ ween the total concentration: of binding 
M
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b s
linear within - experimental” Aerror,bg ~(Figure 27).

\\ The. values of " the free enargy of supercoiling 'yere'

cacJ&ﬁWed to be 45, 2 cal/base pair for, PM2 DNR and 1@:6

-~

!

vaiue is slightiy.lower than that'qalculated for SVUO DNA

(18 cals per base pair) by Bauer and vinograd® 1970. This:DNA

has a similar superhelix density to M13 and Phix174 RFIts,

The differsﬁcé between the Values ‘obtained™ from these

expcrlme nts and that of Bauer and Vinograd is ‘not surprizing

1n view cf the large dlfferepce between the condltlon of the -

experiments (0.05 and 0.1 M NacCl, agalnst_a.B-M CsCl).

Th=~re=ults of fluorimetric titration plo‘ted in "this

- way prov*de a method for determlnlng the superhelix den51ty

of.an unknown closed c1rcu1ar DNA, since’ the graph of log

" K crosseé' that fer llnear DNA at the p01nt whefe all the

¢

superhalical turns have been removed. Using ‘an unwlndln

argle - feor e*hid*um of - 300 the calculated superh:llx
. [ - .

'dens;tves of Ph¢x17u RFI and PM2 DNA are 0.C67 and 0.12

respectlvely. After meklng a correction for the'differehce

F]

: L
in salt concentration between these experiments and - that

ased - in sedt mevta+1on «velocity experiments the values are

.10 and'€.15 whlch are very close to those éaiqplated ,by.

Wana (1969b) ard Gray et al. (1972y after applying'a factor

:Plots of log K égainst‘C'-/C (= 5 x v) proved to b&
' : ! b S

“cal™ per ~bese —pair ~ for- Ph"xﬂu and M13-RFI's. The latter——



"
FLUORIMETRIC TITRATION OF SUPERHELICAL 'TURNS
.;_. ” 1~} S - -
v ) ’
. 0-05M N°9'] llc.T. DNA

e [J]PM2 DNA 01 M Nacl

o - [MIM13 RF1
{-] #X174 RF) .

o-a

o2}

FRACTION OF SITES OCCUPIED

o

, ) : - SR
Pigure 27. Semi-log plot of K, against. . the fraction .of
sités occupied for linear and closed circulgr DNA's. K, was

‘calculated from the bound fraction of ethidium .in a series. .

of solutions containing differing concentrations of DNA, .as
described in the text. Concentrations of DNA used in 0.05 M

NaCl were: PM2 DNA, 0,84, 2.1, and 4.17; ¥13 -RFI 1.65, and

2.94; PhiXx174 RFI 1.11 and 2.91; 1.24 and 3.08 picromolar in
* phosphate. :Concentrations used in 0.1 M NaCl were: PH2 ONA
2,09, 4.18 and 6.25; M13 RFI 1.77 and 3.54; PhiX174 RFI J.84

and 3.69; Calf thymus DNA 2,49, 4,98, - 7.49 - and .19.32"°

‘micromolar in ' phosphate. Solutions contaimed - 1 nR Tris
bufﬁer pH 8, 0.1 mM EDTA. A single line is plotted for M13

nd ' PhiX174 RFI's since these appear -to ' have the sanme
superhelix density. The scatter observed in these plots is
due to a noisy filuvorimeter. ) . ' 4

A
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for ?he dlfference 1n the assumed unwinding .angle due to

. 17 .

‘ethidium (0.6925 ‘"and 0 1“5 respectlvely)- This method.

-

dsupplements a number of others already ‘inf the 'literature.‘f

However a simpler, method of us1ng fluor1m€try is nourJ

described,

Y

X oo ¢ . - 1. : .
If *wo closed circular DNA molecules of ~differing,

known superhel X ‘density are aiailable the fluorimetric
GCtermlna+;on of the superhellx den51ty of a third closed

.c1rcular molecule is an espec1ally simple task. PMZ DNR and

its relaxed counforparrv(prepared by treatment of “the native

molecule wlth eukaryotlc w proteln) are .suitable standards

because they anompass the known range of narural superhelix
L

: dens:ty.

For a superhelical DNAvdJG/dv»=_-k(v - Vv ), therefore
- o c
AG = INmFGPAL k(v — v )dv = —kvZ + kvv ¢ C = —ERT1irK where

C : C . b
C is a constan+ of int egratlon equal to the “intrinsic free

energy of_abinding of ethldlum-'to a . linear DNA. Putting‘

e

B = -C + RTinC , where C. iéling)zoncentratlon of free dye
f. »f .

(whioh maf' be: taken as constant if cC > C '), " and

‘ o £, b o,
“a = =RT/k, and Yreanranging = we obtainf'the_vexpression
v = v/Z + (A/v)ln[v/(n—v)] + B/V where n ¥s. the namber of

c
binding 51tes per nole of phosphate (0. 2)« If the values of

'v are. known for the two, standard closed ~circular ‘DNA's,d

c.

—and _the values of v for the two DNA's under a standard set‘

-
. .

o NI

iy
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‘of conditions are also known the ?quation may be solved for
: [ : .
the two constant Jérmsvh and B. Kﬁo:ing“v.for any third DNA

2

under the same set'of conditions‘pq;mits the equation to be

solved. for . v and hence the superhelix density. In actual

LC‘. . ) /'T"*

practlce thc absolute value of v 'fof' any gi#sn .DNA is
'dlfflcu;t to determlne.LUnder the alkaline assay condltlons
discussed on p. 57 linear'.DNA_;isf nearly saturated with
ethidium. Slnce pM2 DNA glves an approxxmately 30% increase

in fluorescenée.when it is nicked a reasonable value for v '

would be 0615 (v af saturation = n, 0.2). A 3C% decrease in

fluorescence accompanles relaxation of +he superhelital

turns in PM2 - DNA by W g1v1ng a value of v for th1s DNA of

0.1, Using these values in +the egquation' given above “the

o “ralative fluorescences (which are'directly propqrtional to

f) of closed circular DNA's of intermediate superhelix
density fall on the curve plotted in .figure 28. The form.of
this curve is remarkably indéééndenf of the value of . v for,
‘the supcrhollcal pﬁa, ovsr the range O 08<v<{l, 18 providing
toe ratio of *he fluorescence of the supcrhelﬂcal to relaXGd
PMZ DNAvsfremaﬂns constant - at -3/2 '(sae 'Flg. 28).‘ Thése
_curves are suf;xc*er*ly close to a 11near 1n*orpolaglon of
superhel*x density agalnst v that the 1atter ‘may be assumed
'fo. hold to wi*hin experimental ;rror unde; ‘the alkaline
condltlons tha+t are usually employeu.‘$hése voonditions. are

1 .
"1 o .

" L

L : . * Bl



. particularly - convenient ~since’ «contributions. to . the

fluorescence by nicked circular, and 1linear. DNA can b=
eliminated by the'heat“step.,

- NThe Purification of W

sqay of the relative fluorescance °nhancement due to a-

constant amount of PM2 DNA is the ba51s for a apld and

inexpensive flucrimetric assay for w “factors (see p '66).

F

Here the removal of superhelical tuins - from. a -closeq

circular duplex is-detected by a decrease ~in fluorescence

‘erhancemant with ‘+ime. Since the relative fluorescence is

lingé:ly proportional to the superhélix density the assay is

‘linear witk respect 0 the number of superhelical turns

removed, Tie aSSay can be applled to the removal of po<1t1vo

=uerhh lical *urns by’ treatlng relaxoa PM2 DNA wlth L 1n the
- presence of a lcw qoncent;atlon of eth;dlum'bromlde.

.The validity.offthié assay was éhecked by ﬁeasuring the

sedi enta+ion coeff1c1ent of fully relaxed PM2° DNA wlth and

without suff1c;4/; f.pthldlum bromlde_ to fremove the

o superhelical -turns formed 1n relaxcd DNA by the 1nc1€ased

1

'salt conccnbratlon of the sedlmentatlon condltlons.',ln the

cogificient as ‘he unrelaxed molecule, (27.85) vhile‘in'.the
o

.. : 4 : ’ : . . -
former - the relaxed " molecule has the sedimentation.

cozafficient of a nicked molecule 21-5? (see Figures - 22 and

'29)1.

latter case :relaxod PM2_ DNA has the same sedimentation
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FIGURE 28. Relationship between v and:vc:calcdlated éssuming
three different values for v of superhelical DNA. All curves

were calculated assuming the ratio of v forbfuliy superhelica; o

PM2 DNA tq that for the fully relaxed molecule is 3/2.
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Comparison between Sédimentatibn profiles of a mixture of PM2

open circular and nicked circular DNA's:
A. Before trestment with w.

B. After treatment with w. '

Sedimentation from left to right in.2.83.M CsCl,‘l:Smicrdgram' AV
of ethidium bromide per ml, 10 mM: Tris C1'pH 8.0 44,000 rpm. :

Photographs are approximatély 40 min after the start of the run.

ek



'cell§} Initial‘ experimenfs (Morgan unpublished) indicated
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Champcux . and Dulbeccoi prepared their extracts by .

.

sonication of\nuclei.froﬁ' resting secondary mouyse embryo

»

.

. ”eupernatants from calf thymus prépared by hqugehization 'of:

o

O% v -protein.

hat—the- c*1v1+y -is-- ofww1despread occurewce~u1ruweukq/yoilcu.~~n-~m~

-cells. alf thymus is a metabollcally active tlssue which %s

.‘ . .
avallabre and is an abundart source of nuclelﬁ

T v, ~. ’
-making it a sultablc star*lng materlal for the ’sclatlon of

[ ~

A small amount of <enzyme can be detected in crude

the tissue in the preeence ~of 2 mM ealcium'chloride and
ceptrifugetidﬂ tef;remoﬁe nuclei. This enryme  cou1d -beﬂ‘
théplaSmic or ;may’ résuir from the disruptior of a sméll
fraction.of the nuclai. during rhe iﬁitial exiractiep. It can
bevprecipitatedhbérweennsc and'67'%'saturatieﬁ with ammonium
su‘phate, but with a large lose of 'aerivity. No . further

attcmp+ was- made to purlfy the enzyme from thls source after
, .

it _w&s recognvzed that . the chromatln pellet.obtalned by

~

centrlfuga ion .of vthe homogenéte. cqntaihs much  larger

quantities of thes enzyme. The activity cannot be released.by

rehOmogenization“ of \the pellet,' ﬁut is released upon

- extraction of ehromatin wifh 'concentrated eqlt"Solution,

along  with -histones and some acidic proteins, The DNA from T

such an extracﬁl can be. removed jeither ‘by' high speed

centrlfugatvon of the unsheared viscous suspen51on,,or by
&

the addltlon of polyethyleneglycol (1C% w/v) to a .sheared

3solur10n of chromatin., The 1latter procedure' has * the



X

e

. R .
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: A A
advan*age -cf being rapld‘and conve&ient, and of allowing

o

more_.than one extractlon of a 51ng1e chromatln preparatlon

at differing salt concentrations. W appears to be eluted

'Wfﬁ~4~w~—from +he»chromet1n_1nrtuo distinct stepse. The flrst act1v1f§'“ ‘

{

(wl) 1s elu‘ed from the chromatin by 0.7 M NaCl, the second'

(w2j1 by 1;1_ M NaCl. Re—extract;on of  the chromatrn

prec1p1tated from ©.7 .M NaCl with '0.7 M NaCl gives an

1nslgn1f1car+ rmprovement 1n yleld of w!t 1mp1y1ng that ‘the

appearance of a second act1v1ty in 1.7 M NaCl is not a

' consequence of inconplete elution of'wl.'The 1mpre551on_ was
. - K
" confirmed Hher of ‘the tvwo activities prepared at 0, 8 H NaCl

and 1 8 A baCl were dllufed and applled to phosphocellulose.

N

p1ut on of fhe act1v1t1es from the columns wwth 11nea§} salt

gradients gave peaks of act1v1ty elurlng in the‘ranges-O.S.

- to C.6 1 NaCl and 5.74 to C.84 M NaCl respectively. In'm}he

-

case Of Wl the activity ihitiaLly'appeared to  resclve into

+wo separate act1v1t1°s whlch were correlated with optical

g

'den51tv peaks- The main componenrs of the peaks observed by

gel FlQCtIOphOtGSlS by the method _of Panylm and Chalkley

=utolyszs /(Bartley and Chalkley 1972) see figuré 30, w2 did.

ﬁot correspond to an optlcal den51ty peak (see Figure: 31){

and KAS, and autolys1s fragments. Methods vere sought to

*

,:overcome the problep//; proreoly51s. Sodlum brsulphlt the

most commonly- used lnhlbltor of n0clear proteases is

unsuitable for use in ion—exchange'chromatogra hy since it

e (1972) appeared to bep fragments of histone KAP-formed-by‘

The maln components present 1n the mlxture were histones ELAK



s RO 125

Q(

2230

: -].o s Q.'o_g

e ] wetivity e

+o6. }FO-06

.

LI TXYYYS O ..J\ =

. .
2% 40 0nsnse

\ o
v}hs:ni:.

20:. 40 - - 60 Fraction

A

"FA Flgure 31. 1ut10n proflle . of calf thymus‘ W - frbm‘«
~Aphosphocellulose. The-extract in this experiment- wvas a .cut
1 which was diluted and bulk: adsorbed

from 0.5 to 1.2 M NaC
to phosphocellulose. Note the greater amount. of tbe last v

;peak (wZ)COmpared to. Flgure 27. . : L R
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x*dlzes rapidly in air, 'cauSing ‘the pH of the buffer
solutlons to decrease w1+h tlme- Other protease 'inhibifors

Were eXamlned for sultablllty using the solubﬂllzatlon assay

.

_of. 'Panyim;et al. (1968) . Mercurlc chlor de was partﬂcularly'

ef‘sctlve in preventlng the SOIUblllzatlon of chromatln, but
its-us— leads to a complete loss of W act1v1ty.~ Benzyl
-Sulphonyl‘ fluorlde ahd iodoacetimide are _also quite
affective and do not. appear -+o inhibitvpthev.actiVity of -
ei*her W as long as *they. remalp ‘bound to chromatin. Howeverr
*hey part lly inhibit 1sola+ed w2, Treatmenr'of the' waShed
'chromafln» Nlth a combﬂnatlon of the two lnhlbltors has beern
;"ncorporated 1nto ”the isolation procedure. ’én;i several
oCCaslons prec1p1*a es Were observed when poly thyleneglycol
1 ex*ractS' wer & dllu*ed for appllcatlon to pnosphocellulose{
It was fourd tha+ this - could be preventcd 1f ,thE_ prepared
chroma**n was dlssolved in 1 M NaCl and then prec1p1tated by'
:d11u+1on to ““,15'fﬁﬂ flnal cal+ concen*ra 1on. Under +hese
7cond1tlons the p co—prec1p1tates Hlth nucleohlstone, 1eav1ng

PR
1

‘ uch of the ac dlc chromatin proteln Hin':the supernatant.

A--Chromafography - of . wifion‘ phosphocellulose 'after these :

,
1)

'trea_ments glves -3 stngle ,\peak of act1v1ty, hoti

'correspbna;ng‘ to the maln protcln peaks.‘At thls staga 1n

.

'pthe' purifiCationf:the, ma;n component obscrved by ‘gel

"lectrophoreSLS pis.‘still hlstonej KAP.';Separatlon of the

.vity'frOm the remalnlng hlstone‘ KAP-Lvas. achiefed .by -

‘_Corcentraticn fclloued by chromatography on Sephadex G1OQ or

GASC . (fig. 14).  The . ptT o{oln a‘{:_ - this stage is .«=ta113.'
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relativelyl‘impuré,‘ the main ° componepts 'present . have

127

molecular weights of 53;060, 51,000 and 32 000 (see plate 6.

\

"and Figure 31). The molecplar weights of tha components-were
g , ocsé S. ¢ , .

_2stimated-by electrophoresis on SDS gels ‘using the method of

S

'~lemmli~119%7); | \ e SR

Each ctep in +he purlflcatlon results in a large 10§é

of ac+1v1+y. The reaqon for thlsl‘is unclear since the

v

act1v1ty is stable 1n solutlon for savnral wneks at uoc, It

hasi‘been noted that simple - concentratlon of a\solutlon‘

‘ contalnlng Wi or y? :by‘ ultrafiltration or 'by dialysis

. s

against' polynthylonOglycol3 can lead to a large l&ésrof

activity, in. some cases"

‘ su@éeétiﬂ% -+hat. the prbblem is .one of 10wAsolubility of the

proteins in ' aquaous 'sqlution- Pretreatment of [ the

Y

.phosphocelluloqe wlth hlSt0n€ before use in'the purification4
of w-'apocared to 1mp*‘ovc  the ‘y%eld of protein from the

;columns, ard may havc given a small improvemant in,;ﬁé;yield'

~

of enzyme, - suggestlng ‘that another prohlcm is. irreversible

adsorpblon of pnzyma to- the re51r.

. ‘The .cata1y+1c propertieS'.of,the.two w's appeaf to be

¢

'fqulte 51m11ar,"*hey are both r=ffect1vo jin ‘relnasing both

pos1 “: nd neca+1v9 superco1ls, -and are most actlve in 0,2

‘

M salt. They arc comple*ely 1nh1b1ted by 0.4 M sal* (Table’

b4

'\_2), Two actiVitieS‘a*e also fouﬁd in trout testls tDr B

.Pékir unpubllshod“ observatlon ).~However these dlffer from

‘the calf thymu= w's 1n that they are actlve in ( 6 M salt.,

[

<5,

isible precipita*tion occurred,
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Figure 32. SDS gel';eiéctrophoresiS' on 10% polyacrylamide
gels of the proteins present in the active fractions after
chromatography on Sephadex G100 (see_Figure 14).
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: _ .it7i~ possible that both enzymes from one source are

identical, - but ‘as- isolated are bound to dlfferent

' TABLE 2
[ NaC1) Wl w2
N2 66 3 78
0.3 77 . : 94
Ny 102 105
o.b " 100 ) 1'~)G
’ 1.9 100 100

rﬁelatlﬁé fluorescence of 50 microlitres of PM2 DNA

129

in factf

hlstone.'

solution

(0.D.260 =. 0.8) treatad " for 15 minutes with.a constant
_amount of enzyme. (approx. 2 units wt or 1 unit ~w2) - with

varying _concentratlcn5~-of NacCl ‘in 0.01 M Tris, Q.1

PpH a.

o . . .
specitic 1nteract10ns ~ that occur between - the
. €ractions, .and some .acidic ‘chromatin proteins

—

: o972y, .' o 5

fractions. Tth posq1b111ty yas qgggested by the.

mM EDTA

strong

histone

- (Hnilica -~

L1+tlo =v1d=qce is available on the mechanismjofiw

- ——

¢

action, Han (1451) showed that the X. Col; énzyma do=ss not

X\
. ' act Dby a cne h1+ mecbanlsm. This has also been demons+rated-

: A\
for tha oukaryotlc enzyme (Champoux and Dulbecco \1072)L

'-Theso observations rulé. out a 31mpl° nuclaase follo\éd by .

u

ligase mode of action.~0ur own observatlons have shown that

- the. kinetics are nei+her-1inear nor exponentiali(see

a5 apd 3’). In the 51mplest hypothetlcal model, the”

Figures

enzyme

-isrrcapable of covalent ,rever51bl° binding to DNA, with:

7

P aliie S

breakage of one bf the backbone phosphodlester -bbnds. The

‘e ‘ gen protcln is-then free to retate about the oppoclte strand. of
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Figure ' 33. Semi-log plot of the data shown in figure 15 b,
demonstrating the non-—exponen ial nature of the w reaction. .
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" the duplex and .reforms the 'backbone phosphodiester  bond. -

after a etatlstlcally determlned number - oﬁ 'revolufioms

—(Figure 34).. In. the case of the eukanyotlc w.the. enzyme acts Vl“>4

. equally effectively agalnst superhellcal turns of elther

. k]

sense, therefore .it-dis improbable that the superhellx free

energy,mould contribute to .the 1n1t1a1 ¢covalent ‘blndxng o "

reaction, or the resealin@ " reaction, ‘although the excess
* free energy could affect;the'number 6f rotations about the

' hellx axis that occur between openlng and c1051ng reactlons.

This assumptlon lmplles *hat the superhellx den51ty wlll not
,_affect the blndlng constant of the evzymc to the 'DNA, ks a
' directg .consequence: & ‘reaction ~ should . be COmthlt1Vely

irkibited by~ llnear DNA, which is'not the'CeSe (Dr. A. R..

Morgan unpublished otservatﬂon .on W prepared by sonication

»

Of';l cell nuclel). In the general case the klneilcs of

reactlon by this mechanism would be expec+ed to be
'exponentlal, but 1f the. equlllbrlum in the reaction stromgly
faVOured “the covalently _ bound form of the enzyme one hit

ikinetics'vould'be observed.

b more probable model for the reaction.-requires thet

+he enzyme “reform tha backbore phosphodle=ter bond after

each rotation. In th1s case the conformatlonal s+ate of the

'ﬂenzyme ,subctra+e complex during bond breakage would have to-
LE .

differ from that present‘at‘the time of reseallng.A Reversal

. . . N
. .

of +the reaction t(i.e.'thévreleésefoftposifivé'supercoilsy
'could be accompllsbed if the two conformationalwls{ates _of_

the emzyme are at equlllbrlum in solutlonv The cycle. of the

-

\
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Figure 34 .» Proposed on

since . the  stereoch
breakage reaction is i

" reaction more than

occur betveen ring ope

ION BY

: ‘ ‘, 
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e sfafe model for ;the' aCtidn' of y.‘
enistry of the phosphodiester -bond

dentical to that of the’

one right or left handed rotatiom can

ning.and closure.
N . . / e .

- £ing

closure

ONE STATE MODEL OF SUPERHELIX
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the enzyme are at eguiiiﬁrium'in solution. The cycle of the
reaction would then be: 1, covalent binding of the'enzyme in

‘ . ’ o\—‘ . . . S
one .conformational state with breakage of a . backbone

‘phosﬁhodiettef'“bond~;2~w~rbtatibﬁ:df4the~strand§~abou¢%each~~~mww7

otker accompanled by a change in -the. conformatlon of the

-

' enzyme 3, refomathn of the pho=phodlestef bond -and flnally

“; the releas2 cf the onzyme in the alt red c0ﬂformat10nal

;sta{e; which would then ‘be free to réevert to -the 1n1%1a1

form of .the enzyhe (5).. Thgfhsequence of reactlons Ais:
illuqtratéd ‘in Flgure 35, It is convenlent to Con51der this
mechanlem 1n’ erms of the Ahrennlus actlvatlon energy of the ~A o
phosphodlectpr bond b*‘eakage' and resoallng reactlons. T.he.

;eactlon. profile vould probably have a form like +hat shown

L

'in'Figure 36,,1n the presencn'iof- superhellcal turns the‘

act1va+1on en=rqgy of ihe” reactlon wlll be al tered. by the

free -nergy of superc01llng. The‘gcflvatlon energy. 'thé
.ro - . Lo

d1re¢t10n of reloase‘ of superc0111ng gould ,be reduced,

~‘thlst that in tho opp051te dlrect@on -uould. be increased.

Thz rate’ constant of the foreward reactlonsjfh.bé éxpréssed
s

és k = Aexp—(E —4JE-)/RT'and‘1n the  reverse
S s a a R 3

direction as

fk'f=Aekp—(£f +,JE ~)/RT _where JE _is;the—actixation‘energy’
-2 . a, a’ Lo o a S

: | | ., o
avallable from cupe c01l¢ng.,Thq“;nterconver5101 between the‘ }/__

’,

forms of -w, LAd 7=?§?===/ W must also be cqns;dered when

 fofmu1a£ing» an overall rate expre351on. This'iS’too cumber- ,

séﬁe. to‘_be ofjuse-ln;de01dlng betueen the pfoPoSéd models, o
- _ - AN ‘ o S
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'I'WO STATE MODEL OF SUPERHELIX RELAXATION BYow

e above plane of paper o - o ! Y I o
e below ~ “© " ; 4 ' \\~ HO.' - . | .
. _ y _o'.. 1 L\§ 2 _

o 3 strand
1 . ~ ' rotation ..

" oe - I - o
3 ‘/P _ S © inversion A

o

fFigure A35{ Two state model for the actlon of . In thlsy'
-.model backbone phosphodlester bond breakage dees not -have’
the same stereochenmistry as ' the: ring closure reaction,’

permlttlng the relaxation of only one superhelical turn per

reaction cycle. The relaxation of positive superhelical . .
‘turns .is a . reversal of the reaction leadlng to the
Vrelaxatlon of negatlve superhellcal turns. = ‘

-
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panel w dinteracts . with' ‘linear DNA.

The centre and lower.
panels jllustrate the reaction of w with DNA under torsional. ' -
strain due to’ negatlve and p051t1ve superc01ls respectlvely.:n'

. N ‘.
o <« REACTION COORDINATE ~»
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3 |
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N Wy
Pigure 36 rllustratlon‘ of .~ the - contribution ”'of‘.ithe"‘
'superhellx “free energy. to ‘the actlvatlonAenergy in the two .
~ state model of supertwist relaxatlon by” we.- In . the ‘upper -
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Wy - : APPENDIX : -
Programma 101 program for determining bindmg constants for

Ethidium to DNA. Bef*e use the concentration of the added ’

Co T T "‘“, 4 Ethidium solut:i.on must‘be—ém:ered into register /D_-- N
N ' R '
8 L . Enter initial Volume
T ’ B . " Enter Binding site Concentration (init)
IGre ~
. & .- 7 Enter volume addition
1B+ o oy e

CIE Lo
/Bt o , oL

- M SR ' :
. 4 /ct o - S
« o /D+ S T .

N ’E’ - . . . ‘  a '

o o o m . . i . o . i ) L
L w : E’. %j' T '

S : . - Enter Fraction bound

. ' . .
, o X L . N 3

JEY Y, R
A AT T e e

Ax B .. Prints free Ethidium concentration

Meoco . _ IR )

/Ef ; ) - . - . - o R ‘ .

*vv.. - . _ A& . o :: "7 ' Prints Binding Constant
MW s . 0 -_u« LN “. " ) ‘



