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":.ﬁtransforpation has been studied by both physical and chemical

-';vAns'rRAc'r BN T'fj"",' R - R

v i.

Pyrimidine purine DNAs of repeating sequence which contain G [

'ilbasé pairs undergo a reversible strand rearrangement in solutions of'

i+

’ lfmoderaie ionic strength when' the pH is lowered to. less than 6. This‘

)

il{}approaches which, alons with model buildin& St“dies lead_ ° the
:rgvhypothesis that ‘this new structure is a. teﬂtaplex with base tetrads
i}containing both Watson Crick and Hoogsteen hydrogen b°nd3' These . -

ffstudies extend the range of possible rearrangements wbich have been(

bhpreviously observed for a variety of pyrimidine purine DNAs. )
| Many of the reagents and synthetic DNAs used during the course_v
*?of these experiments are interesting in their own right and sonéaof
’"their properties and reactions have ‘been further investigated |
i,‘Ethanedisl(glyoxal) has been shown to be a useful probe of poly-
‘g;nucleate structure. Also this reagent has,been used in a number of
lipreparative procedures involving pyrimidin%.purine DNAs. The repli— 1-
Vlcation of a pyrimidine.ﬂhrine DNA vith a random base order has been
,f_studiqd and compafed to the pattern of synthesis with a pyrimidine- ’
‘purine DNA with a repeating base sequence. The results of these
Hliexperiments suppott the proposal that pyrimidine purine DNAs with

a repeating sequence replicate via a; slippage mechanism.

Also included in this thesis sre three appendices describing

viﬂ'work either done in collaboration with other researchers or work

'not immediately relevant to the main body of the thesis.f Appendix 1
describes the applicqtion of fluorescence techniques to tﬁe study

of the reactions of alkylating and cross—linking reagents with DNAQ}
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Appendix 2 deacribes an enzymatic method for the convhrsion of . |
N &l e

of a“new terminal deoxyﬂucleotidyl transferase from calf thymua. S
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CHAPTER I-.INTRODUCTION

/ The conformation and function of DNA is determined by its sequence

i

\

and interaction with its environment._ The structure ‘of DNA which codes

for genetic information‘seems‘largely conservative, yarying little -

‘regardlqﬁs of the source or specific base order. However, various

.

other regions possessing base compositions‘and/or\sequences deviating
widely from the average may be expected to have anomalous conformations
- when compared to bulk DNA. | | |

_ This pOssibility exists for sequences in theHlac controllregionb
(Dickson et al.,1975) which contains repeats of pdC(pdT)apdA, a block :
.of AT rich DNA sandwiched between two blocks of GC rich DNA and |

potential palindromes (Gierer, .1966) or-cruciform structures- features

' which may "lead to-a unique structure (Chan and Wells, 1974) ‘Because
- of recent advances in DNA sequencing technology (Salser, 1974) many

g other examples similar to these can be gleaned from the literature.

i v
For example, the rightward promoter/operator sequence of A DNA contains

alternating blocks with high AT ‘and GC content, has a repeating sequence

of d(pdT) pdA and a centre of two—fold symmetry (Pirotta 1975 Walz and

. Pirotta, 1975) and similar features are also found for the promoter

regions of fd phage DNA (Sugima\o et al.,1975) and SV40 DNA (Dhar et al

.~1974). The sites recognized by restriction endonucleases exhibit two~/

fold symmetry (Salser, 1974) Pyrimﬂdine tracts of various lengths 1

"have been f0und in phage DNAs (Mushynski and Spencer, 1970) and

i

Sthalski and coworkers have. shown that a wide variety of phage and

bacterial DNAs contain sites capable of binding r(U) and r(G)n which

~are presumabLy-mostly d(A)n and d(C)n (Kubinski_gtlgl.,l966; Opara-

f
™

T



Kubinsha gttgl.,l964). -DNA fromleukaryotic'Cells contains long'
stretches of Py,*Pu_DNA (Birnboim and Straus, 197"5"5 which in D.
"melanogaster are tightly clustered forming a cryptic satellite

(Si/eroff et a1.,1975). Sequence analysis reveals a very simple
' repeat, (ApGpApApG) o’ analogous to simple synthetic DNAs ~And on a

larger scale eukaryotic DNA forms discrete satellite Qands in CsCl

_:‘density gradients indicative of a base cOmposition different from the
‘ bulk DNA. These satellite DNAs have simple repeating sequences and
in some. cases at least are Py 'Pu in character (Sederoff et a1.,1975)
It is not known how the local DNA conformation would be affected
by the presence of any of.these-featureSs However, the classical

approach to this problem has been to construct synthetic defined DNAS

of repeating sequences in order to amplify the parameter of ipterest

- I

.and study their various properties. by chemical, physical ahd enzymatic~
means. These approaches have emphasized not only the effects of base .

composition on the physical and chemical parameters of interest but :

o

also differences between Py -Pu DNAs and synthetic DNAs-with pyrimidines
and purines in both strands which resemble natural DNA instheir
‘properties. Thus -a more concrete basis for spétulation concerning

;roles that Py Pu DNAs may possess in. viVO and VariOus transformations

which they may undergo can be provided

. Numerous researchers have'used a wide range: of systems to investi-

i o -y ! /
{ f

lgate these differences, including the following means: - . ///'

i) various drugs bind differentially to DNAs of different base .)
/
/

composition. In 0. lM NaCl netropsin binds specifically to AT /

-or IC base pairs but not GC base pairs in duplex DNA (Wartell et al.,

. 1974), actinomycin D binds ‘to duplex DNA at GC base pairs (Sobell

v

7



Eghe _ ' : o . /o3

2
.

1973), ‘and Py ~Pu DNAs bind less of the drug than their corrpspond-
-‘ing isomers with pyrimidines and purines in the same strand (which
-also bind the drug mqre tightly)-(Wells and Larsen, 1970).
" ii) cross—linkiné agents that react with a specific ‘base require
that base in both polynucleate strands and thus may not cross-link
: Py.'Pu' DNAs. For example mitomycin C is thought to cross-link
DNA by adduct formation with deoxyguanosine residues (possibly the
6~ keto position, Iomasz et al.,1974) and would not be expected to
cross-link d(TC)ﬁfd(GA)n‘ ‘Similarly,vbase specific reagents‘would
exhibit different product distribution between strands._ -ror -
example, dimethyl sulfate (Singer, 1975) methylates the 7—position'p
‘_of g and the 3—position of: a:h:a ratio of 6: l. For a natural DNA C
these products would be distributed amongst both strands, however,:
~,'a Py 'Pun DNA would “have all the methylated species in one strand.p

: iii) certain histone fractions have been reported -to have differen-_,'~i
.tial affinities towards AT rich DNA (for the lysine—rich histones, i-
_Ohba, 1966) and GC rich DNA (for the arginine rich histones, Clark h
and Felsenfeld 1972) ’ ‘\*7" 7 |
- 1v) Riggs et al.,(l972) have investigated the\binding of the 1ac d

' repressor to twenty synthetic DNAs and demonstrated a preference

for d(AT) compared to d(GC)

FERTICIN 3

V) replication in vitro. of synthetic DNAs with E coli DNA poly~ ﬂ} o
merase I 1is different for Py -Pu DNAs compared to natural DNAs

(see.Results) or synthetic DNAs with pyrimidines and purines in o
both strands. ’: :

.

, vi) in vitro transcription studies with E. coli RNA polymerase in

the presence of all the necessary triphosphates demonstrate that '

LT~



Y

the rate of transcription of the d(Py) strand of a Py Pu DNA is
\sifgreater than ‘the d(Pu) strand unlike the approximately equivalent
:rates for the isomeric DNA with pyrimdines and purines in both |
irhgtrands. This has been observed for. d(C) d(G) (Szybalski et al,,
5i5l§69) as well as d(TC) -d(GA) .and d(TTC) d(CAA) »(Morgan, 1970).
- vii) various nucleases degrade Py -Pu DNAs and their isomers with

pyrimidines and purines in the'same strand at different rates.
An example is micrococcal nuclease(Szybalski et al.,1969) which

degrades d(AT)n faster than d(A)p* d(TM,. .

AT However, the three most 1mportant“approaches ‘have been direct phy51ca1

‘ and chemical studies, X—ray crystallography and studies on rearrange—

~.ments that only Pyn Pun DNAs seem- to undergo.

Wells et al.,(1970Y’have studied three homopolymer pairs, five o

repeating dinucleotide DNAs and four repeating trinucleotide DNAs in

‘ order to 1nvestigate the effect of base c0mp031tion and sequence on

melting transitions; buoyant density and circular,dichr01sm spectra.

These results can be summarized as follows-p»‘

i) the extinction coeffic1ent of the Py r°I’u DNA is always lower

cOmpared-toaits sequence isomer or natural DNA with the same base

-
<

compos1tion, h.. ' ‘ ;
11) the melting temperature of a Py Pu DNA in the presence of
monovalent cations is 1ower than its sequence isomer and the
“difference between the two diminishes as the sequence complexity
Q increases. They cgmcluded that as the repeat size increased (eg.
. from a- repeating dimer to. a repeating trimer) the Py -Pu polymer s
melting behaviour became more like that of a natural DNA, suppress-

'ing the anomolous effects of the’ asymmetric pyrimidine and purine
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distribution. Note that d(T) 'd(A) &Ian apparentfﬁiception-withfggl W

a T greater than d(AT) and also that ddition of a; divalent

cation causes the T of d(TC) -d(GA) to increase to above that of*
-fd(Tt)--d(CA) (unpublished observation o author),

‘iii) the DNA with ‘the higher T has the‘l'Wer density in Cs2

iv) natural DNA has a T which increases 4:18°C/10 fold increaae~ ﬂﬂt‘ﬂ

o

'.iin the iomic strength(as calculated from li ear plots of T versua'_'jx%

M
. loglo’salt.concentration) For synthetic DN s this value depends
json the’ length of the sequence repeat For al fold increaae in
salt concentration the T increases by ﬂa18° {tor DNAs with only
" two nucleotides (eg A~ dan), 4 4D, and A(10);),
by w13°c for DiNAs with repeating dinucleotides (eg. a(re) d(GA)
'i_and d(TG) d(CA) ) and by n.12 C for. DNAs with repeating tri- |
_‘-nucleotides Ceg: d(TTC) *d(GAA) , d(TTG) o rd(can) , d(TAC) 'd(GTA)
'and d(ATC) d(GAT) ) The results of Morgan et al.,1974 for
wd(TCC)n“d(GGA)» Suggest a value of 4118 C which is anomolous.v
. v) .attempts»were made-to establish relationships between"l‘M and - ¢

p CsCl .and- mole fraction G+C and p- CsZSO4 Trends could be v

inferred but values differed from ‘the graphs determined for natural o

'DNAs (in fact, the best fit would be for the gyerage value of a
'Py Pu DNA and its sequence isomers);

vi) the CD Spectra of each polymer is unique (discussed later)
These results emphasize the differences between Py 'Pu DNAs as a
h.class distinct from natural DNAs or their base isomers with Pyrimidines_

~ and purines on both strands.bf'
Perhaps the most definitive technique for"® structural investigation

, .

- is X~ray crystallography, however, polynucleates have not been crystall-



ized (except'tRNA) and what information we have is derived_from fibre
‘bldiffraction and model building studies (for a "discussion" of the
’validity of ‘this approach see articles by Donohue and by Arnott,
‘.‘.‘Wilkins, Crick Marvin and Hamilton, Science 167, 1693-1702, 1970.'
Recently published structures of ApU (Seeman et al.,l976) and GpC
(Rosenberg et al.,1976) show that they both form interstrand Watson—

”:derick.type hydrogen bonds with coordinates similar to those assumed

| ?for residues in polymer models, hus shpporting the validity of this

”;happroachj Arnott has termed this approach the linked-atom least-
e \squares method (Arnott, 1970) in which a 1east-squares refinement is-
IV'used to fit models to the observed diffraction data (in contrast to . |, ,

'::'?.protein crystal structure determination in which a model is derived from
'tthe data and- ﬂhen refined)i“ Originally, these models. are assigned
i, values (i e. bond lengths and torsion angles) determined from surveys
‘.of crystal structures of nucleosides and nucleotides.-’ | o
Fibre diffraction of - natural DNAs revealed that more than one
fl- ’crystalline structure can form depending uponlthe experimental conditions
’(especially the relative humidity and salt/DNA phosphate ratio) Ihese
:'include the so-called A, ’ C,'and D forms each of which could contain
many structures with minor variations (Table 1) Recent work by
‘ Arnott et al, (l974a)and Arnott and Selsing(1974b) provides a basis for'
”R'classifying these into. two: families "A" and "B" although each member
‘has its own unique geometrybf The "AV family is characterized by a C3endo
‘sugar conformation (Figure 1) and base pairs displaced forward from h
‘the helix axis (uSually >3 K (Arnott et al.,1974b)) and with positive '.:

base tilts (although the rather large value of 20 for the classical

N A RNA structure is: not always reached) The "B" family has a C3exo-



CDNA DDNA © A RNA

~Data for this table are taken from Arnott(l970) and Arnott and

Selsing(l97aa)

Derived From Fibre Diffraction Data

ADNA B DNA A' RNA
Conditions: . : o ) \.
 relative humidity ' <92% >92% <66%  d(AT)_ low .
. . or
ionic strength no excess "Li d(ATT)n low >20% salt
excess salt DNA" ' G¢AAT), ’
salt under
conditions
" similar
| to A DNA -

. pitch (&) 28.15 - 34 ar 24.3 - -
fold (base 11 10 n9.3 8 11 12
pairs/turn)

rise ) 2.56 3.4 3.33 3.03 2.81 3.01
tilt (degrees) 20.2 . -5.9 -6 -16 ~ +20 -
twist (degrees). =112 —2;1 5 - - —
‘'sugar conforma- C3endo C4exo Cqexo © . Cqexo Ciendo - Cgendo
tion ' : : o
displacement 4,720 -2 -1.8 4.3, 4.7
® - - , .
TABLE 1' . Parameters of Classical DNA and RNA Structures



C D
Figure 1 Ribofuranose Sugar Conformations
A 3 exo
B 2 exo .
c 3 endo
D

.2 “endo



sugar.conformation (Figure 1), base oairs straddling(claasical B ‘type’
DNA) or behind the helix axis (C type or D type) and smaller base tilts.
The main distinguishing feature is the sugar conformation. Also the |
number of residues/turn of‘helix is greater for A type structure
resulting in smaller rotations/residue (B form W36 —45 A form

~30°-33° ). Generally, the - A form is more stable at 1ow relative

. S

humidity and little or no exceas salt; raising the humidity or increas- I
ing the counterion concentration results in a B structure being formed.
Both A and B families consist of right handed duplex DNA with Wat;on-
Crick hydrogen bonding.
Structures of synthetic DNAs fall into these two categories (Table
2).” Although each individual structure is unique there are gome
interestingvgeneralieations. DNAs‘nith-lOCZ A+T'content prefer aB
vconformation (d(T)ﬁ;d(A)n,hd(AT)n, d(ATT)n'd(AAT);).v Lowering the
relative humidity does not cahsé a change to an A form as is the case
_ with natural DNAs (although d(AT)n may form‘an unstahle A form (Arnott,
et g_;.,1974bj)buc to the new D form nhic'h io,xpart of .t.he. B family
. but has a pitch of NZAIX, 8 hese peirsléﬁ , and a small negative\
displacement."This'effect, whichvcauses‘a 11.8% ahortening of the
duplex from the B form may be’imnortant for sequenCes in‘xigg;with high
AT’contents,;presuming”that thia-change can'be mimicked ‘Also the D>
form is packed more closely in the unit cell than the B form (and both
more tightly than the' A form) which could be important for in vivo DNA
packaging and DNA condensation. Arnott has also speculated that the |
presence of AT clusters may help destahilize nefghbouring A structnree‘

(Selsing et al.,1975) possibly affecting transcription since RNA DNA

‘ hybrids exist in A forms.



Synthetic DNA Sugar Conformation’ Family ‘Reference
d(ATT) _-d(AAT) - Cyexo | S 3 Selsing et al,,
| . - - (1975) |
d(A)_d(AT) Ciexo g ‘Arnott et ‘al.,
C ~ (1974a) )
d(6e)_+d(GO)_ Cyexo " "B"  Arnott et sl,,
' 2 - (1974a)
4(16)_+d(10)_ Cyexo. """ Arnott et al.,
| o | , ‘ (19748) g
d(m_da)_ . Cyexo .. "B"  Arnott and Selsing,
co T ' | ~ . (19748).
| d(T6)_"d(cA)_ I "B"(7)  Langridge (1969)
d(I)n'd(C)n - 1 ‘ "B"(?) Langridge (1969)
d(Ic)_-dGA), - 7 "A"(?)  Langridge (1969)
a(C)_-d(@)_ . Cyendo ' " Arnott and Selsing,
" o T ©(1974b) L
d(T)n-d(A)n~d(T)n_ : ,C3endo E vj S b Arndtt’and Selsing,
' R o (1974a)
.~ TABLE 2 Structure of Synthetic DNAs Determined By X-Ray
: Fibre Diffraction Studies T
) 2 N .

1. for;anAexplaﬁatibn%of the terms see text.
. : &

2, . either unknown or tentative assignment. .
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Although‘DNAs with pyrimidines and purines in the same strand are
in the B‘family, Pyn-l’un DNAa may not be. Arnott and Selsing(l97455
reported that while'd(T)n-d(A)n exists in a B type structure, d(C)n-d(G)n
.preferred‘an A like structure (Arnott and Selsing, l974b). Although

no data was presented Langridge(1969) reported that while d(C) 'd(I)

and d(TG) d(CA) gave diffraetion patterna similar to B DNA, d(TC)
d(GA) gives an anomalous pattern similar to d(C) °d(G) (which is A
like) when fibres were drawn from solutions known to favour formation of
. the B form The hypothesie that d(TC) d(GA) existe in an A like :
‘fcqnformation is tentative but should be investigated further. However,

- sinCe Py -Pu DNA has been implicated in the' initiTtion of tranecription
‘(Szybalski et al. ,1966) the existence of’ these\DN:Jclusters in A
conformatione could facilitate this process, as h

-

‘ d(C) -d(C) tracts (Arnott and Selsing, 1974b).

been proposed for

d(T) -d(A) ~can be converted to an’ A conformation by the addition
of a third strand (d(T) ) to form the triplex d(T) d(A)~ d(T) R
probably due to the enlarged size of the major groove in A conformations
(Arnott and Selsing, 1974a) into which this strand must fit.‘ The
- . overall diameter of’the polymer is only marginally increased (similar
structures were reported for r(U) 'r(A) r(U)n and r(U) d(A) °r(U) .
'hArnott and Bond, 1973) This observation suggests that transcription
could ‘be initiated by the addition of a. third strand to form a triplex _
and facilitate a B to A transition (Arnott et al, 1974a) although in
view of the reduced transcription rate in vitro of triplexes compared to
" the correeponding duplex (Morgan, 1970 ,Murray and/ rgan, 1973) this
_would apply oniy to neighbouring AT rich regions ‘and thus . result from

3

 an indirect interaction. ‘



" *DNA 1s characterized by a broad maximum at 270-280nm, a minimum at

" at 3400 cm

| J
- i

The relation of these structures to the structure in aolution 1s
not known. Tunis-Schneider and Mapstre(1970) haye obtained circular
dichroism spectra of E. coli and calf thymus DNAs in thin films under
conditions (salt concentrdtion and relative humidity) where either Aor B
forms are normally present. The A form spectrum exhibits a positive peak
centred at about 260 nm, a minimum at 210 nf with a variable trough at

280-300nm, this variability suggeative'of a fanily of‘atructuresi B

240-250nm (of amplitude approximately equaluto‘the amplitude of the
maximum) and'another maximum at'abOut 220nm. 1In solution (0.1M NaCl)
the Spectrum is almost identical to the B spectrum recorded for the
unoriented film. Also the A spectrum is similar to that recorded or
“for double—stranded‘RNA which exists only in the A conformation (Arnott
and Bond, 1973). aIt:was concluded thatvnatural DNAs in solution are

in a B form and RNAs in an A form. Wide angle X-ray scattering studies
“of calf thymus DNA in gels and solution (Bram, 1971) at moderate ionic
.strength (0.05 f’O;lSM monovalent cation)[supgorts this conclusion.
When the.spherically averaged scattering curve for various models was .
fitted to the experimental data the A form was obviously at variance
with the results The best fit vas a modified B form .with the pitch
increased to 37 X and the rotation/residue reduced by 8.42 (this struc-

L ad
ture or a similar one’ persists in nucleohistone) Infrared spectroscopy

of natural DNAs has. been used to empirically assign conformations

. .
(Pilet and Brahms, 1972) At neutrsl'pH with a sodium chloride con~-

centration of 3—4Z and a relative humidity estimated by the absorption ,

1:( —O—H stretching) a plot of relative humidity against

) dichroic ratio (antisymmetric/symmetric stretching vibration of the

12
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phosphate group). showed a reversible ofansition centred at NSSZ
relativevhumifity assigned to ghe]B form (RH >85%) and A form (RH<
'85%). The soectrum of the later form was simile; to that'reported for
RNA. These‘authors also investigated the effect of base cogposition
- on the,ﬁ‘to A@transitioh; ooncludihg.that at a G}C content <30% the A
form shoold not be observed as was inferred iater ffom studies‘on fibre

- . ‘.»
)

;diffraetion for AT rich DNAs. These1inveet1getione:support theﬁexisef
ence for A and B forms in soiution for natural DNAs. The corfela;iops
for s§nthetic_DNAs'have been less well;inveetigated and oihee;Pyn'Pun
DNAs can ondergo maoy re;rrangements in,éolutionhat'oary1né ionic -
strengths and pHs, in some caees the speoies under,inoéstiéatioh ie
inhdouht (eg. see Arnott, l975).h Using the generalized features des~—
cribed\for the A and B forms of natural DNAs then almost ell offthe
Asyntheticipolymers inveetigated‘by Wells gg_gl,(1970)w0uld be in B like
‘conformationsﬁ(inCIUding d(T)n?d(A)n,:d(Ai)n; Q(C)n'd(G)n, d(GC)n,
_y;_‘d(TG).n-d(CA)n, d(TC)_:d(CA) , ‘d.('A'I,‘C)n-d(GAT)n,\ d(TAQ)n-d(GTA;)'I;, d(TTG) -
-d(CAA)n, d(C)n'dﬁl)n)M, The speotrum of d(GC)ﬁ has_its meximum at
272.5nm characteristio of B conformations:but.the.shorter waveleng;h
"region reseobles the A oattern while‘d(IC) has ; unique_inverted B
spectrum (all spectra were obualned for samples in 1mM potassium
hosphate pH 7.5, - 10mM NaCl 0 1mM EDTA except. d(GC) which was run at
pH-7.3, conditions which result in B conformations for natural Dﬁﬁs).
ho&ever,‘this is eomewhet arbitrary in that the spectra of homopolymeric
DNA and Pyn-Pon DNA;diféefvfrom‘the classical B speCtrum‘(as does‘d(GC)n
mentioned above). Figure 13 of Wells‘gg‘glf€}970)(Figure 2) of fhe CD

spectrum of H(T)n°d(A)n illustrates the complexity of these types of

spectra, which makes a simple B or A assignment difficult. Although -
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Figure 2 Circulat Dichroism'Spectrum of d(T)n-d(A)n e

’ Reproductionrqf the_CDAspecfgum;bf d(T)n-d(A)n (Figure 13 of
Wells et él.,1970) with a typical B spectrum (dashed line) superimposed.

!
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the spectrum of d(IC)n differs dramaticelly from the rest (Mitsui et al.,
1970) results from fibre diffraction suggest it is in a B.like oonforma;
Ction (Atnott et al.,1974a). Also the inclusion of d(C)_*d(G)_ in the
B family is tenuous. Firstly the spectrum (Wells et al.,1970) has a
maximum at 290mm which Gray and ﬁollum (19?4) interpret as a contribu-
‘tion of d(C)v'd(C+) .from excess d(C) assumed -present in the.preoara—
“tiom. Secondly, the position of the largest maximum is at 260nm which‘
is more reasonably interpreted as derived from an A structure (although
the shorter wavelength region resembles the B spectrum). Finally, fibre
diffraction studies (Arnott and Selsing, 1974b) show that d(C) d(G)n’
at 75% relative humidity, is in ‘an A conformation. Raising the ‘
relative humidity to >90% does not result in the usually observed

(for natural DNAs) A to B transition suggesting an A like conformation
may exist at higher relétive humidity and in solution. A further
“complication arises from attempts to calculate CD.spectra using model
vcompounds.as standards (Arnott, 1975),, These studies show thatrfor tne
rangefof eynthetic DNAs end‘satellite DNAs of known sequenee considered,
/the'relationshio oetween the calculeted and observed spectra wés very

' 7 good.‘ lncluded'infthis.group wae d(C)n'd(G)ﬁ; td(T)n-d(A)n was an
exceotion)‘implying a similar structure as the rest of the polymers
-somerof which are known to beAin B !like conformatione. however,'theee
results uere based.on two aesumptions both of which‘may not be entirely
‘ correot. Firstly, d(C) d(G) was used as one standard to determine
.O[dC-dG base pair. the characteristic molar ellipticity of such a pair
embedded in an infiniﬁL polymer d(C) d(G)n] which was used in the
.remaining calcufetions Hence, the inclusion of d(C)n-d(G)n in the

same structural family as the remalning polymers represents a circular

>
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‘argument. Secondly, the similar value 08[dT-dA base‘pair] was derived
from the.spectrum of the.block copolymer d(leAIS)-d(TlSGIS) (Burd and.
Wells,_l975) although it has been shown by a variety-of physical tech~
niques that‘the presence of the GC hase pairs affects the structure of
the AT base pairs (Burd and Wells, 1975; Burd et al., 1975a and b). I have
_ dwelt on the possible structure of d(C) ;d(G) in solution since it may-
be uniquely A like and also since the only fibre diffraction study ‘of
d(TC) d(GA)n (Langridge,_l969) suggests_the two structures are similar
and different from.B DNA (under conditions where normally B DNA is
detected, although.these are not specified);}jgtﬁmust be concluded that
the structuresvof.any‘of the synthetic PynQ?hé or~homopolymer DNAsvin
solution are not  known although polymers such as d(AT) . d(IC)

d(GC) at high relative humidity (and presumably in solution) are -
_probably Ain B conformations (Arnmott et al., 1974a), as are synthetic
DNAs with pyrimidines ahd purines in both strands (Langridge, 1969)

The nature of CD’ interpretations negates exact predictions about
structure. However, physical studies of synthetic DNAs,emphasize
'their,uniquevcharacter (as judged by X—ra; fibre analysisland.CD /
spectra) and provides a firmervbasiS‘for the hypothesis that sequences
along DﬁA may haye differing conformations depending upon the base
composition and distrihntion. |

Perhaps the most interesting property of synthetic polymers is
their ability to undergo strand rearrangements and in addition, form
multistranded structures (many of which involve Hoogsteen hydrogen

i

bonding (Figure 3 ) such that usually only Py -Pu DNAs will form
oy
these structures) Much of the literature describes these features

for RNA polymers as these were generally available before the correspond-



ing . DNA pal}mérs but many, if'npt all, of the Structﬁtgs dQn bé formed .
witﬁ DNA polymers as well as o1igomefs and even puéinennucledtides ‘
(prébably due Eb their greater propgnéiﬁy to st;ék’in solution uﬁing

the ?Y?imidine pdljmer és "template"). xCharécterization'bf theée‘
comple#es asua}ly.involves.ultraviolet sﬁe:;;bséopy, CD studies,
bhoyant'dénsity studies,*d;termination of the meitipgrﬁemperaturéé’iid
mosf importantly»ﬁhe determination qf the complex stoichqimétry by

the method of contiﬁuous:variaﬁion (jbb, 1928).A

‘A dispiacement,réaétion éan be_répresénted by eq;ation (1) -

: o . ) : Ty | _ v S

AB+ C —> AC+B .f ' i S ¢ §

in which the mors‘energetipaliy favdurabie AC complex is formed at
the expenserf the AB comblex:with:thé libe;ation:of‘ffeg B. ‘If B
subsequently seif assoéiatedfthen this associatiohlébuld provide an
1 additional ffee energy favpurable to thé dispiacemeht}- For polymer .
'compléxes sucﬁ as AB the poséible displaceméntrinducedrbyﬁaddition of
a'thigd strand can be jﬁdged fpom a knowledge'of the reiativé stabili-
'tieslof‘the complexes'(if this fgarfangeméné is carried out‘uﬁder
kideticailylfavou;able_éonditions). P - | "é@
.Exémplés of these-étability-seriés aré:.b ‘ _ R

' r(T_)n~r(A)n >d(T)n‘d(A)n >d(T)n-rﬁA)n,>f(U)n-?(A)n >r(U)n7d(A)n,

°

(Riley et al.,1966)
£(©)_T(@), >T(C)_d(6)_ >d(C)n-f(G)n.>d(C)n'd(C)n (Chamberlin,
1965).

£(0) ¥ (1) >d(C) “x(D) >d(C) +d(D) >£(C) +d(D), (Chamberltn,

1965) | ) i : e



L.

v'There seems no obvious rationale for'tﬁe-relativeIStabilities in these

-.series. Thus addition of for example, r(C) to d(C)n‘r(G)n would
n \

result in the formation of r(C) 'r(G)n and d(C)h providing the conditions
o ¢

o

did not’fav0urnadditional structural rearrangements to three stranded

structures._ These relationships presume the polymers to be of comparable
e .

“‘.chain lengths. If the added strand 1is shorter than the strand to be‘

| displaced then incomplete displacement'is observed (Haas.gt_gl,,l976)

" and presnmably.nucleotides'may not be able to'displace a polymer‘epenv
though the binaryvCOmplex wonld readily be formed if,a polymer was
added. foiymers:With modifiedvbaseseWOuld probably follow the same_.

scheme viz. ifﬁthe»TM of the complex formed‘isigreater, displaCement ‘

will occur (2) (Michelson et al.,1967).

@M+ r‘(B}rU.C")ln ;——-—.é_r(BrUC)n,f‘r(I)n + r(l)n' (2)"

. There is no evidence concerning‘similar relationships for
polymers other than homopolymers-although m?der favourable conditions
‘(namely those used for transcription with'RNAdpolymerase) the h&brid
r(UC) d(GA) is formed at the expense of d(TC) d(GAB . (Murray, 19725. .
'More complicated rearrangements have been observed (3), ), (9), pith»'

different polymer systems (the more stable complex is always formed)

84(C),"d(D), ——= 2 d(D) -d(D) +d(D) 4D + 4 4(©) dacch 3y

(Chamberlin, 1965)l

Chamberlin proposed that r(I),- r(I) 'r(I)n would be formed based on a
previous (Rich; 1958) fibre diffraction study. The results of Arnott
‘et al.(1974b)suggest that r(I)n r(I)g r(I)," r(I), is the proper structure’
and the equation has been modified to accommodate this observation.

18
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r(C)n-Zi(_I)n# a0 _r(m) —> (@) "r(D + @) am @

(Kichelson.gtigl.,l967)

r(A) .2r(§Q + 2r(C) -———-)-2 r(C) r(I) + rA . ' ' | (§)

(Michelson et al 1967)

(from reaction (4) it may be additionally inferred that for the IC -
series hybrid polymers are less stable). Triplexes may also be suscept-
ible to displacement reactions 6), (1N,

@) 2D+ £, (or rm )-—>r<u> cT(a)_-rU), + T (6),

(De Clercq et al 1975) ' {

fr(A)'nr(t_nn-'r(I)n £ @ (or (M) —>r@_t® x@ + D

‘r(I)n (De Clercq‘gt'gl.,1975)
j S ) ) : vf;}

oL : . ; |

and it is interesting that the formation of triplexes may also be

'accompanied by displacement to form the mOSt stable Watson—Crick duplex

(8) and (8)a, (9) and»(9a) (Torrence et al., 1976).

v

FD T r@) —> @ @ o, (8)
while ) o T
T @+ x@, —> O @ o, 6
() e+ A, —> D @ T, O
~r<U)n'r<A>n + d(“‘”{-——,? r(U)n'r(A);l'd(U)n - | (9a)

Py -Pu DNAs can form three stranded structures by the addition of

v

a third strand, in the major groove, via Hoogsteen hydrogen bonding to

the purine base (these structures are also discussed in the section on

Y

Model Building). Hoogsteen hydrogen bonding has been demonstrated from

A , o -

. ﬁ‘ o

¥
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fibfe diffrgction studies on r(U)n'r(A)n°r(U)n (Arnott and ﬁond, 1973),

d(T)n.d(A)n;A(T)n (Arnott and Selsing, 1974a) and from infrgred spectra

.of xr(C)#~d(G)n'r(Cf)n (Hattori gg_g;.,1976);~'1t may be infetred from

.»these studies4;hat all t:ibléxes of the class Byn-Pun-Pyn exhibigu.
“Watson;Crick and Hobgstegn hydrogen bonding. Ihefrange.of.triplexequg

4 féﬁgrfed_#qr,homopolymérs is large ahd‘}néludés'r(C)n-f(G)n'¥(G)nj’v“:

. Chaﬁberlin, 1965), r(C)nfr(G)n.r(c+y;~(Hattori et al.,1976; Thiele'and‘

Guschibauer, 1971), £(6) +d(€) -x(c")_ (Haas et al.,1976), r(C) *d(®)

r(ch)_ (Haas et al.,1976), T(U) *T(A) (V)  (Riley et al.,1966), am_,

:"-vr(A)n-r(U)n (Tbrfeﬁce'gg_él.,l976), d(T)n.r(A)n-q(T)n (Riley gi‘gli,l966),.
| dkT);'d(A)n'g(T)n”(Rilgy‘gg‘gl-,l966), r(U)#-d(A)njr(U)n (Riley EL.El-"'

‘1966), r(T)n-r(A)n-r(T)n (Howérd\§£ §l.;19?l), d(C)n'd(I)n°d(I)n
(Chamberlin, 1965) and r(C)n-d(I5n7d(I)n (Chamberiin,‘i965). Additiopally,_
(maﬁy of fhése triplexes can be formed b& dispréportipﬁétion of fhe

- duﬁlex under.appropriéte conditions'(high.ionic'étreﬁgth or inéreased

‘temperature} in a manner analogous to equation (10).

26 r(@), —> T r@) T+ @)y oao

. (Stevens and Felsenfeld; i964).

[Similgr reéc;ioﬁs.havefﬁeeﬁVreportedbfég:r(T)n-r(A)n kwaard et El.,19715
and r(C)hjr(G)n'at'aéid pH](Tpiele gndQGﬁschlbaﬁe;,‘l97I); Under the
proper conditions thegé may also be?exﬁeéféd wi;h'the corréspohding déoxy
 polymers. | | | | »

In view of thé hﬁmber of‘possiblé complexes that may be’present when
'two.hpmopolymers are mixed, extreme care must be taken'ih cpntrolling

thévannealling conditions and in characterizing the products. The report

by Stevens and Felsenfeld(1964) on thevdiSproportionation of_r(U)n-r(A)n



»

is especially 1nformati&e. Tﬁey have shown that the formation of
r(U)n-r(A)n-f(U)n from a mixtufe‘of F(Afn'+ ZF(U)é is accompé;ied by
hypoéhroism'at 280nm but the fordatipp of.r(U)n'r(A)n from r(A); +
r(U)ﬁ is not, The'mglting profile of«r(U)n‘r(A)n when conditions favdur
. disproportionation, shows a monophasic shift at 67.2°C at 260nm |
.(réfiecting only the r(U)n'r(A)n°r(U)n melting) while at 280nm theré is
a biphasic ﬁrofile with a hypochroﬁic shiftbat 49.5°C (reflecting
diSproportionation) and the normal triplex melting ét 67.5°C.' Hence,
rearrangements may. be obsérved only under certaiﬂfstrict coﬁditions

and only when gbgerviné Farefully chosen expéfimental parameters.

_Tr}blex formation has also been reported fdr‘d(FC)n'd(gA)n.
r(UC+)n (Morgan and Wells, 1968) at pHs as high as 7.3. The cdmplex
was charécterizéd by buoyanf dénsityjstﬁdies, optical density—i
1tempetature profiles,.ultrévioiét spectral pr0pertie§ and by a éontinue
" ous variation &tudy. Invcommoq with d(T)n'd(Aih-r(U)ﬁ.inhibigioh of
transcription by E. coli.RNA polymérasg was observed. By analogyvtd
'the h§mopo1y§er triplexes the r eyt strand'adopts Hoogéteen hydrogen
bonding. Model bﬁilding studiés of &(TC)n°d(GA)n-r(UC+)n in which the
.. third strand has reverse Hobgsteen hydrogeﬁ'bonding demonstrated that
the triads formed were non—isoﬁorphoqs and1not to be‘expécted
'(Figuré,3 ). . Tﬁe formation of a triplex by d(TC)n'd(GA)n; in which -
F.only Hooggfeen hydrogen bonding is expected, aids in the decision
befween choosing Hoogsfeen or reverse Hoogsteen.bondiqg’for all tfiplexeé
sincg modeisaof homopolymer triplexes can be made with either ;ype-of '
hydrdgen Soﬁdihg. | o
MényEother mulpis;rand structures haﬁe Beeﬂ postulated buﬁ few

have been charaéterized. One exception is the structure of 4r(I)n'



(Arnott.et al,,1974a), and by extension 4r(G) . FEach member of the four

stranded structure is hydrogen bonded to the adjoining bases by Hoogsteen

hydrogen bonds (for 4r(I) these are N—l to 0-6 and for 4r(G) N-1 to
1 0-6 and N7 to Z—Nﬂzj. Structures have also-been proposed for r(A)n,
d(A)n, r(C)n and d(C)n at acid pH where'hohopolymer duplexes are formed
_ |
(Arnott, 1971). Py 'Pu DNAs are more likely to form ordered multi—Av
| stranded structures due to their ability to form Hoogsteen hydrogen
bonds as well as Watson—Crick hydrogen bonds. For example, both _
d(T)n-d(A) and d(C) d(G) at neutral pH form complexes of unknown
structure depending upon the rate of cooling after a heat_step and in
f\S\the presence of metal ions or salts (A.R. Morgan, personal communication;
D. Johnson, unpublished results).. Also d(C)n'd(G)n and d(c)n'd(¥)n can
vary in buoyant density in Cs2504 (Vells gtﬂgl.,1970)‘by as much as
96mg/cc\even‘though the_preparations‘were well characterized-and, for
_ d(C)n'd(I) care was taken to ensure an equimolar ratio of d(l) and
: d(C)n. And Wells et al_(1970)also have described anomalous densities
in CsZSO4 at neutral pH for d(TC) d(GA) preparations although these
had' equivalent buoyant densities in CsCl identical CD spectra, and the
same Ty in either 0. OSM or 0 2M salt (all were authentic d(TC) d(GA)
as judged by nearesc neighbour. frequency, transcription studies and a
- -variety of.physical'techniques). If either of the two preparations
'kwas heated to 90 C in 10mM NaCl, 0.1lmM EDTA pH 7.4 and slowly. cooled a
species with the buoyant density expected for d(TC) d(GA) was
obtained. However, rapid cooling resulted in the formation of a new
~‘Species with a higher buoyant density. It was postulated that in the |

presence of metal ions or in solutions of high ionic strength, with

- or. withOut heating, these DNAs can be trapped in metastable states and/

s
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or nultistranded complexes.
The sum'totalrof these physical studies‘emphssiaes the uniqueness
of DNAs with repeatini sequences, espec‘ially‘Py‘n'P‘un DNAs; andbthat many
possible structures and complexes canvbe formed by each polymer (for a
‘ discussion of some of these inwmore‘detsil see the section on Model
Building). It_is appropriate to discuss their possiblelroles:ig'gi!g
and to. assess the possibilities of isolating‘suchVstructures (to this_
date, only two base triads have been confirmed in a polynucleate, the
-'tRNAphe structure (Ladner etd;l 1975)) A major problem in isolating
such structures may be the different‘conditions under which each is
stable. An obvious example 1is any structure involving a Hoogsteen:
GC base pair (although proteins or other species may stabilize a
protonated c at neutral pH in vivo, the isolated .polynucleate may -
‘.'require a lower pH). Other examples are the triplex r(U)n-r(A)n-r(U)ﬁj
'which in the presence of ethidium bromide 1oses‘thelﬂoogsteen r(ﬁ)n
‘strand (waring, 1974) although‘d(T)n°d(A)n-r(U) and d(T) d(A) |
.,d(T)ﬁ are unaffected (N.LMurra?! unpublished; D. Johnson, unpublished)
»and r(T) r(A) Jr(T) which is‘selectivelf destabllized in the presenceA
of tetraethylammonium ion (Howard et al.,197l), 1osing the Hoogsteen
strand. SDS which is used in many purification procedures, disrupts
'the triplex d(T) d(A) -r(U) when Mg is present as the counterion
(D. Johnson, unpublished) probably by competing with the triplex for-
. Mgf+. The r(U)h strand of this triplex‘is also sensitive to pancreatic.
RNase (hurray and:Morgan; 1973); although less sensitive than free
_ r(U)n, such that the.presence of RNase\in thelisolation'procedure

could destroy the triplex. Most of the triplexes previously mentioned-

are stabilized by divalent metal'ions or high ionic strength. Ho&euer,

B
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just as certain duplex bNAs are_destabilized by increasing,the ionic
sﬂrength viz. r(A) r(A+) (Michelson et al,,1967) and r(C) ‘r(d+)
(Michelson et al.,l967) some triplexes may also be disrUpted by these
conditions as ¥i\the triplex r(I)h-r(A)n-r(l)n (Morgan and Wells, 1968).
In the first two cases, the stabilization due to-reduced phosphate-
phosphate repulsion does not compensate for the weakened electrostatic
attraction although in triplexes the phosphate repulsion would be more
A significant an effect and any electrostatic force relatively less |
.important.“Since these triplexes are stable under different conditions
then a prioriparguments would be‘needed to fix the choice of isolation
conditions. ‘ . | |
\ :

» The stability of a putative triplex WOuld depend strongly on the
chain'length of the polymers involved (in vitro studies utilize polymers
of 6-10S). If a model predicted that a triplex was involved in a-
control or regulatory mechanismﬂat a fine level then this triplex
would probably be difficult to isolate,because of its perhaps transient
- hature and also probable short chain length, since most pyrimidine
tracts that have been {solated are of short chain\length Sederoff |

‘\
et al, (lS75)have isolated polypyrimidines 750 residues long which if

} they formed triplexes, wolld be quite stable. -There is an additional '

"technical problem in that these triplexes may represent only a ;mall

: percentage of the total polynucleotide present.b A useful tool in the )

isolation of triplexes may be antibodies (Stollar and Raso, 1974) which

can distinguish between triplexes and duplex synthetic;homopolymers.
Postulated roles for Py -Pu DNAs ‘have centred on various direct

interactions. The only indirect interaction postulated (Arnott et al,

1974b) involves the possible effect of the B‘to A %ransition found -

q



/

when d(T)n-d(%}iﬂ!ﬁ)‘aq”hgi:ipl!k d(T)n-d(A)n-d(T)n on the transcription
rate of immediately sdjscent sequence (discussed earlier). These
functions igclude the !urg@gion of triplexes as potential control
elements in gene regulation and chromosome structure (Britten and
Davidson 1969; Crick, 1971); a triplex has been proposed to explain

4
the compact structure of the E. coli folded chromosome (Pettijohn and

Hecht, 1973); pyrimidine clusters in DNA have been implicated as

&

initiation_and termination signals for RNA polymerase'(Szybalski_gtlél;,

1969).. T, DNA‘is asymmetrically transcribed in vivo and in vitro
Y

(Summers and Szybalski 1968) and the transcribed strand contains all the '

pyrimidine clusters as measured by r(G) binding (> 992 of T7 and T3
mRNA synthesized;in‘xigg_hybridizes to the r(G)n binding strand);
"'d(T)ﬁ!d(A)n;clusters'proximallto the origin of-replication in E. coli
may have a function in theﬁinitiation ot;DNA replication (Baril and
Kubinski,.1975)§'studies on the poly r(C) bindings sites'in A bNA
led to correlations (Champoux and Hogness, 1971) between these sites
.and intercistronic regions of X polycistronic mRNA implying a possible
',function in regulating the size of a particular mRNA from a single
promoter (perhaps as an anti-terminator locus after the first cistron),k
Py 'Pu sequences may be metastable intermediates in protein DNA
interactions, directing a particular protein to a neighbouring sequence
(this’ hypothesis may explain the rapid kinetics of protein ‘DNA inter—
actions when both the DNA sequence and protein concentrations are low.
A primary interaction with DNA that has a unique conformation would
result in an increased association rate for the protein), sequence

analysis of both Drosophila (Gall and- Atherton 1974) and mouse (Biro

_E al, 1975) satellite DNAs show ‘that these can be classified into

S
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families of repeating sequences differing only by a‘single base change.
Although not Pyn-Pun it may‘be important that none of these substitutions
leads‘to the formation of Pyn'Pun DNA suggesting a distinct role for
this type of DNA.' In addition the.results of this thesis suggeat
other possible'roles for Pyanud DNA which will be discussed later.
v Although'none of these postulates have been proven, physical studies
have provided a solid base for many of the predictions some of which
maybyetvbe foundpin‘the wide diversity‘of nature.

More sophiSticated'questions about the properties of any sequence
can‘betposed‘as‘more sophisticated model systems can be constructed.
. Recentlwork on'chemically defined block polymers eg. d(CzoAulo)'d(T10 20)
(Burd et al.,1975a, Burd et al.,l975b) has shown that each region
. exerts an effect on. the structure and’ stability of the other region
providing a rationale for "regulation “at proximal sites both in the
bpresence and. absence of other regulators (in the model system "the |
_probes netropsin (binds to AT region) and actinomycin D (binds to GC
region) raised the melting temperature of the entire complex - no-
hysteresis was observed - and protected both regions against nuclease
: digestion) New approaches with chemically defined DNAs, such as this
one and the possible inclusion of defined sequences into natural DNAs
_jusing restriction endonucleases will be u;eful in approaching many
of ‘the problems concerning the effectstof base sequence and allow
physical and chemical tests of many of the above models.z

The purpose of this thesis is to define and characterize a new
'_class of polymergstructures, multiplexes ’ which ‘are formed reversibly

: by_Pyh~?un DNAsV(except d(T)nid(A)n) of'repeating sequence._

-
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CHAPTER I1 MODEL BUILDING
Various models cap be postulated to exp%ain &he properties ‘of the

multiplex. These includevthe invocation of a conformational change

-only, the formation of a'Hoogsteenftype duplex or related structures,

the rearrangement to triplexes and finally the-construction'of‘tetra-

plexes (ordered'four4stranded structures). Alth0ugh other higher-

ordered complexes may be possible these are considered the most likely

/ B
tb°involve specific hydrogen bonds between the pyrimidine and purine )

€

bases. Various types-of;hydrogen bonding schemes which might stabilize

" these structures and various experimental approaches which may

- differentiate between these models are considered.

Single crystal analysis of the interactions of purine and pyrimi-
dine bases;and their derivatives,‘reveals a wide range of possible
hydrogen bonding patterns in which almost every possible donor and

[P

acceptor can'participate (Vogt,and Rich, l§70)r However, ordered‘

'multistranded structures cannot accommodate all of these possible

arrangements for two .reasons.: Firstly, many of the less energetically

favourable interactionsvare.found only when a more favourable site for

interaction is/chemically modified, which is not the case for these

synthetic polymers. The converse i _also‘true for one obvious example.

. ,‘«»:
D
The purine N-9 position and the pyrimidine N-3 are "blocked" due to
the formation_of the glycosidic bond. and unavailable for hydrogen—
bond formation. Secondly, the structures formed must be isomorphous,

i.e. residues must be related by symmetry operations.~ (An example

will be given in the discussion of the triplex models)_ These

restrictions limit the range of models which can be_postulated for

,the multiplex. , .
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'?or the pnrposes of this discussion the“hases.are assumed. to be
in the anti conformation (x(the{angle'between N—(pyrimidine Cc2 or
puritie’ Cz\) and souger Cl-C2) ’sg\ 90° (Arnott, 1970)) ‘as has been found
foré&ll ordered,duplex or triplex structdres characterized to this
» tine,‘wA possible duplex structure involéi;g r( 8BrA) with the base
; in the syn cdnformation (x v 300° (Arnott, 1970)) has been reported

(Howard et al.,1974) but conclusive evidence in favour of a duplex

~

structure has not been presented. -

Watson—Crick hydrogen bonding (Crick'ana Watson, 1954; Arnott,
1970) makes use of the purine 1, 2 and 6-positions and the_pyrimidinev
2, 3 andv4fpositions‘towform specific AT and‘GC:base pairs (Figure 3
) The formation of these hydrogen bonds rennces the accessibility of
these sites to various chemical reagents (eg. formaldehyde, Grossman,

1968; glyoxal, this thesis and Litt, 1969 alkylating agents,: Singer,
1975)'but ih a B type helix the purine 3 and 7-positions are avail-
,eble, in the minor and major grooves respectively, to both chemicals
(Singer, 1975) and possibly various proteins (Seeman et al.,1976) and
. polyamines (Snwalskyfgt_él,,l9§9). In contrast, Hoogsteen hydrogen
bonding (Hoogsteen, 1959; Arnott,‘1970) shown in Figure 3 ., involves
the purine 6 and 7-positions and the pyrimidine 3 and 4-positions in
base pairing. Note that these positions are now blocked and that the
purine 1, 2 and 3-positions are available to various probes. Hence,
the reactions of site—specific chemical reagents'may be useful in
determining which positions are involved in multiplex stability. Also

a Hoogsteen GC base pair requires protonation‘of the cytosine»N—3

which may be detectable experimentally. Although no DNA duplex with

Hoogsteen hydrogen bonding has been observed, models can be constructed
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which have isomorphous base pairs and a related type of hydrsgen_'>r
bondiné has been observed for the poiy rA nelix at acid pH (Rich
e_t‘_a_‘l_.,]‘.961). | .
Hoogsteen hydrogen bonding has been observed in triplexes such
ias_r(U)n'r(A)n'r(U)n (snd by analogy d(T)n’d(A)n.r(U)n and d(T)n'd(A)n'
d(T)n) in which the.r(U)n strand ninds in the.major grooue of the
._Watson—Crick r(A)n-r(U)n;duplex~forming specific hydrogen bonds betneen
adenine‘and‘uracil residuesv(Arnott and Bond, 1973)~"Tne Hoogsteen.
strand is of the same polarity (if the bases are anti ‘as defined
earlier) as the Watson—Crick purine strand and antiparallel with respect.

to.gme Watson-Crick pyrimidine strand.. Since .there is also»evidence

in favour of the triplex.d(TC)n-d(GA)n-r(Uc"')n (Morgan and Weils,'1968)

by anaiogy the all DNA triplex shown in Figure 4 , d(TC)n'd(GA)h'd(TC+)n,

c0uld.Be expected. ,Tﬁe isonorphous pyrimidine'purinefpyrimidine’base
“griads TAT and CGC+ are.stabilized by both Watson-Crick and Hoogsteen

. hydrogen bonds and the Hoogsteen cytosine is protonated at N-3. .If

the keto base t is replaced by g and a+ substituted for the amino base
C% the isomorphous pyrimidine- purine purine triads TAG and CGA can

" be formed (Figure 5 ), again utllizing both Watson-Crick and Hoogsteen

hydrogen bonding anddinnolving a‘protonated base, in this case—the N-1

of adenine. To digress, these figures can also be used’to‘illustrate

the meaning of isomorphous. If the.triads TAT and TAG are superimposed

upon each other (as in a'repeating polymer) then the position of the
Hoogsteen glycosidic bond (N of T and Ng of G) changes sufficiently
between residues that an ordered structure is not possible and these
triads are non—isomorphous. For similar reasons. d(TG% d(CA) cannot
fqrm_tripiexes as thevavailable purine 6=and 7-positiqns alternate from

strand. to strand along the length of the duplex. This may be the
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reason whyvd(TG)n-dkCA)n does not form a multiplex. Figure 6 describes
the pyrimidineepurine—purine triads lAA and CGG which are_also stabilized
by Watson-Crick and Hoogsteen hydrogen'bonds but involve no protonated
bases. These are notfstrictly isomorphous and would not be expected
in ordered polymer structures although similar_triads are involved in
stabilizing . tRNA structure_(Quigley.gt_al.,l975; Ladner gt_gl.,l975)
i.e. U12A23A9 and Cl30227MeG46

The final variety of model con81dered is an ordered structure of
.base tetrads‘called a tetraplex. McGavin(l97l) hgs constructed models
o\ the base tetrads gi and gg'(Figure 7 ) which are'stabilized by
Watson—Crick hydrogen bonds plus the additional hydrogen bonds formed
when the two duplexeg are brought together. Additionally tetrads
. involving both‘Watson;Crick-and.Hoogsteen hydrogen bonds can be
’constructed (Figure 8 ) Both types of tetrads can be formed with

C.P.K. models and the tetrads of each are isomorphous with each

. other but not with the tetrads of the other type.. One obvious

N
o 1

difference between them is the involvement of a protonated base (N3

of cytosine) in Hoogsteen hydrogen bonding Another is more Subtle.
Although the tetraplexsdescribed by McGavin Can in theory»be

formed by moving thg two.duplexes together'into the proper position

additional limitations are imposed on the formation of the tetraplex

‘with Hoogsteen hydrogen bonding sind@ the second pyrimidine strand is -

parallel to the purine strand of the Watson—Crick duplex.‘ Either of

.twolprocesses:are possiblef ‘One w0uld involve disruption of the

.original dublex perhaps involving a process‘akin to branch migration L

2with a single polypyrimidine strand first forming a Hoogsteen triplex

with subsequent incorporation of a polypurine strand from the same or
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a different molecuﬂe into the tetraplex in the proper orientation. This g
vsecond purine strand may be elther parallel or antiparallel to the
Hoogsteen pyrimidi&e strand. In an alternate process two duplexes
would approach eacw other in an orientation such that the pyrimidine

strand destined to%form the Hoogsteen hydrogen bonds has the.proper
polarity(parallel to the Watson-Crick purine strand)‘with Subsequent
rotation of the bases breaking the Watson—Crick duplex to form the
structure.Shown in |Figure 8. In this case, the second purine strand
remains antiparall%l to the Hoogsteen pyrimidine strand. _Both types of
'rearrangement impl§ that sites not normally availablevto chemical |
modification in either the duplex or multiplex may become transiently
exposed'during the rearrangement. |

Both tetraplex and triplex models predict a. multiplex which is
rather inert to chemical reagents although in theory the purine N-3

i
is available. There is one additional point to be made. X—ray fibre

. analysis of the triplex r(U) r(A) 'r(U) (Arnott and Bond 1973) has

shown its diameter to be only slightly increased from that of the
'duplex r(A)n'r(U) (minimum effective diameter is 24.6 X compared to
23.2 & for A' RNA helix). Also, the diameter of the tetraplex model
constructed by McGavin is the same as that of the parent duplex. For
these reasons, it would seem impossible ‘to be able to infer the number
of strands in the multiple; by careful analysis of electron micrographs,
gardless of technical problems associated with the spreading,“

.

staining.and shadowing of the sample.



Figure 7 Tetrad Hydrogen Bonding of McGavin (1971)
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Figure 8 Possible Tetrad Hydrogen Bonding Involving Hoogsteen
‘Hydrogen Bonds S
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CHAPTER III MATERIALS AND METHODS

Chemicals and enzymes

t
a

. Most chemicals used in these'stddies were reagent grade and are
freel§ available. One exception is Trfg base, which was either from
Schwarz/Mann (enzyme grade) or was purified by passage over Norit to
rem0ve:uv absorbipg materlal. Unlabelled dNTPs were obtalned from P-L

Bioc cals and 3H or 140 dNTPs or NTPs from Schwarz/Mann. CsCl was

'purchased.from Pierce Chemical Co;vand Cszsoa.from-Kerr-McGee.Chemical
Corporation. Ethidium bromide was from Sigma, spermine from Nutrdtional
Biochemical, glyoxal (v407% aqueods aolutiqn) from Fisher and formalde-
hyde from Fisher. Unlabelled dimethylsdlfate was obtained from Aldrich
and 3H-DMS from Amersham/Searle. .Norit-A was from Fisher;

Nucleasea were purchased from Worthington Bidehegieal Corporatian.
The DIII;fractidn used in the DNA synthetic reactions is.a byproduct

‘of the E. coli RNA polymerase purification procedure of Paetkau and

' Coy (1972). Before use it was treated as described by Morgan et et al.(1974).

Sephadex gels were purchased from Pharmac;a, agarose gels from
Bio-Rad Labs, Hydroxylapatite (Bio-Gel HT) from Bio-Rad Labs and DEA@

cellulose and phosphocellulose from Whatman. N

]

RNA polymerase was isolated from E. coli (zurgess, 1969) and was

a gift of P. D'Obrenan. Various E. coli DNA polymerase preparations

were used to synthesfze the repeating DNAs. No differences in specifi-
city wereobserved between the various enzymes.” Polymerase prepared by
L :

the gethod of Jovin et al, (1969)was a gift of M.G. Burrington T. Elgert'

isolated the polymerase prepared by the method of Heijneker et al.(1973)

3 8 oA
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Ultraviolet Spectroscopy
All meaaurements were performed on aFGilford model 2400 speétro—
photomer equipped with an insulated cell compartment and a recorder.
| Absorbance—temperature transifiona were measured at A = 260nm on

.samples (0.5-1.0 A ), dialyzed against the appropriate solvent, in

260
10mm light path length (0.5ml capacity) quartz cuvettes. ' The samples
were purged with helium and tightly sealed The temperature of the

cell compartment was regulated by a Haake constant temperature circulator
.filled with ethylene glycol/H 0] and monitored by a thermocouple.
Transitions were recorded automatically and were reproducable to

+1.0°C when the temperature .was raised 1 degree C/2-3 minutes. These
values ﬁere not corrected for thermal expansion of the solution or i

[S)

cuvette.

Ultraviolet absorbance spectra were determined manuallygat ambient

temperature or after melting at the given‘temperature.

'
s

Ultracentrifugation

Analytical CsCl or Cs S0 density gradientvcentrifugation was

4
‘ carried outton a Beckman Model E ultracentrifuge equﬁpped with uv
optics and for later etudies with an electronic scanner. Centrifugation
was at'aé 660 rpm (CsC1 runs) gr 44,000 rpm (CSZSOA runs)-for at least
20 hours at 25 C TherDNA buoyant density was. calculated using the
‘1soconcentration method (Vinograd, 1963) in which case the initial
density was determinedlﬁrom the refractive index measured on an Abbe
refractometer or, znore routinely; by including a DNA of known density.

' Values of B were from Chervenka(1969) for CsCl and from Morgan and Wells

(1968) for CSZSO4
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Se&l@entation velocity centrifugation of DNA was carried out using
a Vinograd:type 1 band forming centrepiece.. Usuallx, ceﬁtgifugation was
at 48,000 rpm‘with 8 minute pﬁotographs for synthetlc DNAs, 44,000 for
natural DNAs. Solvents usedfwere O.lﬁ NaCl, 0.9M NaOH for alkaline
runs and 10mM Tris HCl pH 8.0, 2.83M CsCl for‘neutral runs

Corrections for the viscosity and density of the media were from Studier

(1965) for alkaline runs and from Gray et al.(1971) for neutral rums. _ ‘
Sedimentation coefficients and molecular weights were calculated

according to Studler(l965)

Electrophoresis

SDS polyacrylamide gel electrophoresis was performed as described
by Weber and Osborn(l969) ~ Recrystallized acrylamide was not used but
the stock solution of 29% (w/v) acrylamide‘and“lz (w/y) methylenebis;
acrylamide was purified by stirring with Norit (5 grams per 100 mls -
solu;ion) ané filtering dhder vacuﬁm through‘a Millipore filter
(Pulleybladk, 1974) . Tube gels were fun using a. Canalco appafatus
with a Buchler’power éupply. Gels were stained 2 hours in 0.2% Coomasie
Brilliaet Blce 15'452 (v/v) MeOH, 10% (v/v) acetic acid and destained
with a Canalco destaieer using a 7 5% (v/v) acetic acid, 10% (v/v)

methanol destaining solution. These were traced with,a Gilford

Spectrophotometer equipped with a gel scanner at A = 540nm.

Natural.and synthetic DNAs ‘
Bacterial DNAslaﬁd calf thyﬁ;s,DNA were purchased from Worthington

or in some cases isolated gy standard techniques (Smith, 1967).

| Phage DNAs Qere‘extracted from isolated\phage'using a3tol

mixture of redistllled*@ﬁlorofdﬁm.and'n-butenol. These were then




_’mole fraction G+C (Figure 9 ) approximates a-straight line, this time

:with d(c)_-d(e) falling off the line at a p Cs,S0, of 1.467g/cc.

dialysed against 10mM Tris HCl‘pHIS.O, 0.1mM EDTA and frozen (-20°C) im

the same buffer. T7 phage was prepared by the method of Summers and

Szybalski(1968) and A phage from heat induced E. coli CSH45 (F .carrying
a ) lysogen with a'temperature densitive repressor). PM2 CCC DNA was
isolated by a modification of the method of Salditt_gt‘gl:(1972).

Synthetic DNAs.were synthesized‘with either chemically synthesized
oligomers,(eg. see Wells et al.,1970; Morgan et-al.,1974) or previously

\

defined pdlymers as templates. The buoyant densities in: Cs SO4 at pH

7.0 and the TMS in SSC/lO of the Py 'Pu DNAs used in this study are

given in Table 3 and are in agreement with previously reported values.

A plot of T (in SSC/lO) against mole,fraction G+C is a straight line

for a mole fraction G+C 0.33 ;, o
SR

(Figure 9 ). Extrapolating to .
0.00 mole fraction G+C gives a Lalui%)£f47 C. The Py °Pu DNA

d(T) d(A) is the only Py 'Pu DNA to have a T greater than the
corresponding DNA with pyrimidlnes and purines in the same strand

when no divalent cation is present. Also, a ‘plot of p 052504 against

-

<

~ Extrapolation of this plot to 1.00 mole fraction GH+C predicts a value

‘of 1.443g/cc which is close to that reported. for d(GC) (1. AASg/cc) by

‘Wells gt_al,(l974). These relationships (T and p CSZSO4) are presented
to emphasize ‘the differences of Pyn-Pun.DNAs, especially of extreme

base compositions, when compared to natural DNAs. Also, they were

~useful in predicting approximate.base compositions for unknown

Pyn-Pun DNAs such as those synthesiaed from L cell pyrimidine tracts
using methods described in the section on the replication of

Py_n-Pun DNAs.
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”

"Py +Pu_ DNA p Cs,S0 (g/cc)l ' o (°C)2
n n _ * 274 I ™
a(T) -d(A). o 1.419 | 54.0

n n ,v

_ d(TT-C)n.,d(GAA)n ' - 1.{»27 | , ‘  60.5
4(TC) +d(CA) ©1.430 - 68.0
~ n n - . -

a(Tec) -4 (6eA) | 1.435 o 1500
d(c) -d(6) : : 1.467 . . 88.0
d(BrUC) -d(GA) S 1.481 : 73.0
TABLE 3 Physical Properties of the Py -Pu DNAs ‘Use“d‘ﬂ

In These Studies

g

1. determined in 10mM potaséium phosphate, pH 7.0 with either |
A DNA (1.426g/cc) orfM13 singlg—stranded DNA (1;§&65g/cc) - \
as an internal standard. ‘ \\

2. TM buffer was SSC/10.



Figure 9 Plots of TM and p CsZSO4 Versus Mole Fraction G+C

For Synthetic Pyn'Pun DNAs

A. TM (SSC/10) plottéd as a function of mole fraction G+C
(solid line) and extrapolated to 0.0 mole fraction G+C

(broken line). Actual values are given in Table 3.

N
B. P Cs2

G+C (solid line) and extrapolated to 1.0 mole fraction .G+C

SO4 at pH 7.0 plotted as a function of mole fraction

(brokeﬁ.liﬁé). Actual values are given in Table 3.
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'Synthetic DNAs were replicated in reaction mixtures containing 0.05M
potassium‘phosphate PH 7.5, MgCl2 in excess over total deoxy 5'—triphoa-
‘phate by 5410mM, 2mM each dNTP (for d(lC)n'd(GA)ﬁ),‘DIII fraction
diluted 1/100, 10pg/ml tRNA to inhibit endonuclease 1 activity in the
DIII fraction, 50pg/m1 DNAse I (which provides primers to stimulate
the reaction but at this level does not degrade the product), 10- 25ug/ml
template and 10-20ug/ml purified DNA polymerase. For a template such
as'd(TTC)n-d(GAA)n, dGTP and dCTP were present at ImM each and dTTP
-and dATP at 2mM each. Incubation was at 37°C and synthesis was
monitorediusing the neutral.ethidium fluorescence assay with known
standards. If a contaminating side reaction (d(AT) synthesis) was
detected by a return of after heat fluorescence, then theqreaction was
immediately terminated In any event, synthesis was terminated after
4-6 hrs by the addition of 0.1% SDS, 20mM EDTA (final concentrations)
and heating for 10 minutes at 55°C. . The product DNA was isolated by
chromatography over Agarose 15M, in 10mM Tris HC1 pH 8. 0 0.1mM EDTA,
(from which it was excluded), concentrated, dialysed ~ against the same

buffer and stored in the same buffer at -20°C. These procedures are

described by Morgan et al, (1974) The synthesized DNAs were character—

#ized by uv absorption, fluorescence in EB solutions, buoyant den31ty and
melting temperature. Their moleeulariweights ranged from 3—5x10$ daltons. '
Ethidium.Fluorescence Assays

Many of the assays used in this work have been described by
Morgan and Paetkau(1972) or Morgan and Pulleyblank(l974) Only a
brief summary is included here. For a description of the properties

of the ethidium—DNA complex see LePecq and Paoletti(l967)
A

I
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When ethidium intercalates into duplex structures a 50-fold
fluorescence enhancement is observed which is dependent on the integrity
of the duplex,structure. ﬁost synthetic bNAs, when heat denatured

X l
(usually 2 minutes at-§5°C) under low ionic strength conditions at
about neutral pH, do not reanneal and show a complete loss of fluorescence.
Self-complementary polymers such as d(AT) or covalently linked comple-~

-

mentary structures show a return of fluorescence, after the heat step,
proportional to the amount of duplex reformed, a property which can
be used to differentiate‘the two class%s. Duplex DNA, heat denatured
at neutral pH, gives a 507 return of fluorescence due to the formation
of intramolecular duplex regions} These can be'selectively destabilized
with respect to native DNA by raising the‘pH and thus when natural .
DNAs are measured an alkaline ethidium buffer is used.

The neutral ethidium mixture contains SmM Tris HCI1. pH 8.0, 0 SmM ‘

. EDTA and 0.5ug/ml ethidium bromide while the alkaline ethidium mixture
contains 20mM potassium phosphate pH 11.7, 0. 4mM EDTA, O0.5ug/ml- *
ethidium bromide. Bothvassay systems are sensitive (0.5.— l.Oug DNA/
assay point) and since normally a 1/200 dilution of sample into the
ethidium mixture occurs, interference by any compound in the reaction
' mixture is usually negligible.

Any ligand which modifies (usually reduces) the binding of ethidium
can be assayed with this system (see especially Appendix I for. the
reactions of chemical reagents with DNA). The use of CCC DNA as a
substrate for various enzymes in,combination with the ethidium assay

is described-in Morgan and Pulleyblank(l974), Appendix I and where

necessary in the text.

s

. All measurements were made on a Turner Spectrofluorometer, model



430, with 525nm the excitation wavelength and emission at 600nm, at

25°C. Machine fluctuation was monitored by the use of a DNA standard.

Radioactive Counting

| Samples were.plpetted onto prewashed (0.1M Na pyrophosphate) Whatman 3MM
paper discs and washed 3 x 10 minutes with ice-cold 5% (w/v) trichloro—
acetic acid and 1 x 5 é?nutes with ethanol. These were then dried and
counted in a toluene based scintillation fluid (4g Omnifluor (New
England Nuclear)/litre toluene) to determine TCA precipitable or acid
precipitable counts. Samples which contained water and salts were .
counted in Aquasol (New England Nuclear).
- Multiplex Studles%
Rearrangement of-Pyn-Puh DNAs to form multiplexes was norma11y
; monitored:by the use of modified ethidium fluorescence assays which
varied depending upon the specific requirements of the experiment but
all lncluded buffers at low pHs. Le?ecq'and Paoletti(1967) ‘have
shoﬁn that the enhanced ethidium fluorescence‘is observed at any pH
value wnere ouplex DNA ls stable whicn includes pﬁ 4.0, the lowest
value used in these experiments. Since divalent metalbions (Mg++
usually although Zn+f can substitute) or monovalent‘catiOns (usually -
100 - 1000mM) are needed for the rearrangenent and are essential to
the stability of the multiplex, one or the other ielincludedvin.the
ethidium assay buffer. If the concentration of ethidium in the buf fer
used for rearrangement is . >2ug/ml no loss of fluorescence is observed
presumably due to stabllization of the’initial duplex. The inclusion

of salts .or metal ions in the ethidium buffer diminishes the\fluor-
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escence per mole nuclgotide.. Although the neutral ethidium assay
requires only 0.5 - 1.0ug of DNA per reading, inclusion of salts
necessitates the addition of larger amounts of DNA. -

Preparatiﬁe Cs SOA bﬁoyant density gfadientsiof Fearranged

material were performed as follows: the appropriate‘double—labelled

polymer (labelled with 3H dAMP and 14C dTMP, counted with narrow

channels to reduce 14C spillover into the.BH,chahnel) was incubated'

- at N;AZGO

up to 4 days. at room temperature. Then solid CBZSoﬁ was added-i?,452

saturation and the volume increased to 5ml with a final Na acetate

in 1 ml of 0.1M Na acetate pH 5.0, 0.1mM EDTA, 0.5M NaCl for

concentration of 0.05M. Two 100pl samples were pipetted onto filter"
paper discs, washedvand counted.. The remaiﬁing maﬁerial was centrifuged
in a 5071 rotof,:ap 20°C, at 35,000 rpom for 6Q"—'70 hrs on a
Beckman L2-65B. 'Gradients were fractionated'with‘the‘aid of a peristaltic‘
pump (LKB) directly onto filter paper discs, washed and counted as
| deséribedu | |
. EB/CS_ZSO4 gradients were iyn ?n a Beckman Model E analytical
ultracentrifuge. Ethidium concentrationé were calculated using ther
extiﬁction’coefficienté of Gréy g£>3l.(1971);

Circu}ar dichroisﬁ mgasuremehts'of'A(TG)n?d(CA)n ;nd rearranging
d(TC)n'd(GA)ﬁ were»récorded on é Cary 60 Speqtrogolarimeter gquipped
with model 60011c1rcularbdichroism accessory and thefmosﬁated-ge;l
(25°C).- Data treatment was according to-Wells.gg_él}(l970); For

3

d(TG)h-d(CA)n an eitinction coefficient of 6.5 x 10° at 260nm was

used and EPZGQ for d(TC)n-d(GA)n was 5.7 x 103>(Mo:gan and Wells, 1968).
‘Solutions were filtered through a Miliipore filter (HAWP 02500, 0.45u)

before use.
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Titration of rearr'anging‘d(TC)n'd(GA)n with
0.0113 M HC1 (prepared,stored and standardized with NaOH as
described in Skoog and West) was performed on 10ml aliquots of
d(TC)n»d(GA)n (v 0.5mM solutions) dialysed (3 x 2 litres, overnight
each) against 0.5M NaCl, 1.0uM EDTA oH 7.4. Solutions were purged .
10 minutes with N2 before titratron and over the period of titration
3 - 4 hours) N2 was constantly bubbled_through the solution as shown
in Figure 10 . HCl was delivered via an 'Alga" Micrometer'All-glass»
‘Syringe (Wellcome Reagents Ltd.) nhich was calibrated by weight.
_Experiments were performed using a Radiometer 26 pH meter, Titrator I1
and Titrigraph SBR 2c¢ connected to a Radiometer GK2302C electrode by
titrating from neutrality to pH 4.5 with the aid of the pH stat

accessory over a long time period.: The electrode was standardized
zmmediately before the initiation of titration and checked immediately
afterwards. Appreciable drift was not observed. The solution was
constantly mixed with a magnetic stirriné bar. Data are presented as
volume.HCI versns time since»d(‘T(.:)n-d(GA)n undergoes rear+ ' yement over
a long time period.‘ Controls (buffer alone or buffer wi: ....f thymus
DNA> were titrated'to correct for the amount of acid necessary to

titrate from pr7 0 to 4.5 in the absence of reaction and also the

small amount of dcid taken up over the time course of the experiment.

Reaction.of Chemicals with DNAs

_Formaldehyde, glyoxal and dimethylsulfate were reacted with both
d(TC) d(GA) at pH 7.- 7.5 and the correspondrng'multiplex at pm5.0,
with;the extent of.reaction monitored by abvariety of means.

Reaction of 'd(TC)n'd(GA)n with dimethyl sulfate at pH. 7.0 vas in
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a solution containing 1 A d(TC)n-d(GA)n, 0.2M Na cacodylate pH 7.0

260
(Uhienhopp and Krasna, 1971) and 0 - 0.1M dimethyl sulfate at 37°C for
one hour. The extent of reaction (i.et total bases modified) was
determined by passing reaction mixtures of d(TC) d(GA) that had been
‘'reacted with 3H DMS plus increasing concentrations of unlabelled DMd*
(speeific activity determined by isotope dilution) through a Pasteur’
plpette-sized Agarose lSM ?00—400 meshweolumn equilibrated with 0.2M
ﬁa cacodylate pH 7.0. The excluded material ﬂal} the TCA preeipitable“
counts) was counted«ineAquasol (New Eng Xand Nuclear). “The standard
- curve obtained_is shown in Figure 11 and is'similarvto that obtained
by Uhlenhopp and Krasna for calf thfmus DNA (eiso for A DNA,
determined by a-different method; Hansen Hsiung personal communication).
To determine the distributionfof 3H—me.thylated'pro'd'ucts,’markers
were addeo, reaction mixture;”were made 1.0 N in‘HClvand depnrineted by
heating 10 minutes at 95°C in'a seeled tube.o Tne nixture wes spotted
on’ce11UIOSe thin layer plates (Eastman #13255) with known markere
and developed with butanol/concentrated ammonium hydroxide/water:
86/5/14V(v/v)."Pre?iminary experiments with labelled o(TC)n'd(GA)n
quﬁ:(either in a or g) shoned.that_the only major products.were“
7—Meg,‘7—Mea and S—Mea. Standards of these were obtained from P-L Bio-
, chemicels gg—Meé) and Vega—For Bioehem%ca}e (3-Mea, Z—Mea; also l—Mea,:i—Meg,
3fMeg). in this solvent system, reiatiye%go f—Meg which migrated slowly,

7-Mea and 3-Mea had a R .of 3.3 and 5.8vrespectively. At all concen-

7 Meg

** trations of DMS. up to 0.1M the relative proportion of methylated products

was NSS.SA 7-Meg, ~7.57% 7—Mea’and NT% 3-Mea (12 2/1 1/1). The usually °
observed ratio of 7-Meg/3-Mea is n6/1(Uhlenhopp and Krasna,1971) with

7-Mea notvusuAIly qdantitated{ The reasons for this difference have

4
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Figure 11 Standard Curve For The Reaction of Dimethyl Sulfate
With d(TC)_-d(GA) '
. n n
'Reacﬁiop'conditions are given in Materials and Methods.
The different symbols refer to independent determinations..
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not been systematically i?vestigated but may be related fo the structure of
- these DNAs, Methylation of RNA witﬁ DMS also leads to the formation

of 7-Mea and 3-Mea (v 3:l)ywith»7—Meg accounting for ~807% of tH; methylated
bases (Singef, 1975). Altﬁough the‘ﬁethylation of DNA is "qualitatively
’simiiar"ﬁ(SingEr, 1975) to thé methyiation of RNA the ratio of 7—Mea/3—Mé§
is N1545in thg few cases whére they.have botﬁ been qgantitated. Wé have

found a ratio closer to 1:1 which may reflect differg gD in the struc—

Introduction d(IC)n'd(GA)n may ﬂéve'an "A" 1like structure which‘would

explain this discrepancy. 1In any event, regardless of the value one
“assumes for the ratio 7—Mea/3—Mea the preponderance of 7-Meg is the most
imporgant consideration. Combinationiof thése’data ;ithhthe results
from caICulaﬁiOES'of the total bases medified reveals that fér ah
avgragé Pyn-Pun bNA of 500,000 daltons (%.750_base pairs), as expected,
mostly 7-Meg is modifiea (up tg 34.5% of g is 7-Meg at a 0.1M DHS’
concentration (Taple 4 . o
i

. The effect of methy;ation on the abilitylbf d<TC)h.d(GA)h to form
a multiplex was determined bY‘fiuorescence loss and shift in buoyant
density when‘the pH was lowéreﬂ. The‘most,highly methylated sample of
d(TC)n-d(GA)n [3H dGMP} sho&eé no loss of TCA‘pfecipitablg counts \
‘after the 1.5 hr incubation time used to form the multipléﬁ at 37°C
and pH 5.5. This gas teken és evidence that né large émoupt of de-
Purinétion had occurred. 'Ré;ctiOnlof‘uniabelleQ.DMS witﬁ the

d(TC)n‘d(GA)n multiplex was estimated by the resulting reduction in

melting temperature (Uhlenhopp and Krasna, 1971). 'Mixtures of the

52
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*\. :
-
[DMS]A % Purines Methylated Distrjbution of Main
mM i : Methylated Products*
g I1-Meg a 7-Mea ' 3-Mea
e ,

0 0 375 0 375 0 0
20 N 2.6 358 ’ 17 373 1.5 1.5
40 10.6 317 68 363 6 6
60 13.2 290 - 85 361 7 7
80 6.4 270 105 357 9 - 9.

100 20.2 245, 130 353 11 - il,
TABLE 4 Analysis of Producté Qf Reaction of d(TC)n-d(GA)p

With Dimethyl Sulfate at pH 7.0

*Calculated for an "average" d(TC)n'd(GA)n of 750 base_pairé .
o E G S

(5 X‘IO5 daltons).

-
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with deoxynucleoside 5'-monophosphates and single-stranded and double-

. " 1‘6’,“

L
PR A 1
i h :

d(TC)_*d(GA)_ multiplex at 0.5 A, and a natural or synthetic DNA which

does not form a multiplex (used as an intérnalncontrol) were reacted at
37°C for 1 hour with varying concentrations of DMS in 0.2M Na

cacodylate pﬁ 5.5 and then dialysed ovexnight at 4°C against 5mM Na

acetate pH 5.0, 25mM NaCl. T, s were determined as described before.

M

In this buffer system, the d(TC) -d(GA)_ multiplex had a Ty of 86.5°C,

d(TTG)n-d(CAA)n (g%ft of V. Paetkau) melted at 65:3°C and‘C.gpgrf;ingens
DNA at 64.3°C.

Formaldehyde (boiled 95°C for 10 minutes before use) and glyoxal
reactiéné were monitored spectrophotometr;cally at A ='27Sﬁm and'ﬁtom

the A /

280 ratio respectively. For both reagents, the reactions

A250

¥

stranded polymers were‘inyéstigated as controis (Grossman, 1968; Brou&e
and ﬁudowsky, 1971). Conditions for the reaction with duplex DNA
were 10mM potassium phospﬁate pH 7.5, 1mM EDTA, 1 A260 §(‘Tc)n‘d(GA)n

3% (w/v) fqrmaldehyde (or 0.1M glyoxal) at 95°C for 5 minutes theq

2 héurs at 37°C. One half the sample Q;s ihcubated‘in 50mM ﬁa.acetate
ol 5.0, 0.25M NaCl, (conditions in which d(TC) and d(GA)n reanneal to
form a muit;plex); the other half dialysgg vérsus 50mM Tris HCl pH 9.5

at 4°C to remove any adduct and then checked for the ability to form the

‘multiplex. Glyoxal addition was freely reversible giving a product,

after pH 5.0 incubation, with a T, of 91.5°C and a buoyant density of

1.471g/cc. 'Interpfetation'of the- reaction with formaldehydevis more

difficult since the adduct is not completely stable at pH 5.0 as is

the case with glyoxal. Bowevér, as judged by hyperchromicity, the
dial&sed samﬁle was 637 multiplex (TM 91.5°C) and the undialysed

éaﬁple was 28% "multiplex"‘&ith a TM.of 86°Cs Reaction of formaldehyde

54
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with the d(TC)n'd(GA)n multiplex was cartied out in 50mM Na acetate pH
5.0, 0.lmM EDTA and 0.2M NaCl, 3% (w/v) formaldehyde at 23°C, (under
thesegconditions,the reaction with mononucleotides is v70% complete.

i ‘ . o

. L, : . . . :
“in.1 hour as judged by the change in A while d(T)n'd(A)n shows no

275

reaction.) Glyoxal reaction conditions were 1A d(TC)n-d(GA)n

260
multiplex, lOmM Na acetate pH 5.0, O. lnM EDTA, 50mM glyoxal, 0.2M
NaCl at 30 C (under these conditions the reaction with' 5' pdG ig
‘complete in 25 hours, the reaction with d(G A) complete in 80 - 90
hoursd(both calculated from absorption spectra) and the reaction with,
E.Vcoli DNA‘after-8ldays results in a decrease in Ty of 10.5°%C).
. ‘ . " ¢ '

-Replication of d(TC)n-d(GA)n in the Eresence of Base Analogues

TMedGTP was prepared by the direct methylation ofxdGTP‘in'a reaction'
"mixture containing 0.5M Nf ‘cacodylate PpH 7.0, SOmM dGTP and‘ZSOmM

C. for 1 hour followed by separation on DEAE

dimethylsulfate atﬂfﬂo
cellulose (HCO3 ),nith a gradient 0 - 0.5M in trlethylammonium bicar—.
bonate pH 7. 7 (Smith and Khorana 1963). 'FMedGTP was characterized

by 1ts uv absorption spectra at dlkaline and neutral pHs, its
electrophoretic mobility in 50mM potassium phosphate pH 7.5 and

by its chromatographic behaviour on polyethylene imine plates with 1. OM

KC1l as solvent (both 1nd1cative of net charge corresponding to a |
diphosphate) and the chromatographic properties of the nucleoside

after hacterial_alkalineuphosphatase hydrolysis (corresponding to ;MédG

-~ when run on paper with'(NH ) SO, /H 0/2 propanol (79/18/2(v/v)) as solvenﬁ
Replication of,d(TC)n-d(GA) “was carried out (see page 44 this the51s) with
'.varying concentrations of 7-MedGTP egcept»that.laCdCTP (2110cpm/nmole),

dTTP and dATP were at a concentration of 1mM each (in the presence or

absence of 1mM dGTP)
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Tubercidin =~ ‘Formycin ara AMP
5'Mo nophosphate \5' Monophosphate ‘ :
Figure 13 =~ Structures of Some AMP Analogues

Deoxyfubércidiﬁ 6 Me deoxyadenosine - 7 Me deoxyguanosine |

Figdré 12 %Struc;ures of Purine Deoxynucleoside Analogues
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Deoxytubercidin‘was a gift of W. Muhs of the Chemistry Department,

University of ‘Alberta. It was converted to the triphosohate (Figure 12 )

by a combination of chemical and enzymatic reactions as described in

57

Appendix'Zi G—MedATP (Figure 12 ) was Prepafed from dAMP by the method —

of Griffen and Reese (1962) Meth&lated 1-MedAMP was converted.to
6-MedAMP by titration to pH 11 with ammoni um hydroxlde and incubation :
overnight at 45°C and 1solated by chromatography over a Eﬁf—Rad Ag lx2
(formate) with a. i ?ear gradient 0-1.0M in formic ac1d The isola;edd

0. lN HCl

product had the spectral characteristlcs (A = 267nm) and eh:oma—

tograhic properties expected for 6- MedAMP Conversion to the triphos-

phate ~as achieved by enzymatic ‘means. Replica;ion ofvd(TC)n~d(GA)ﬁ was

attempted“using a coupled enzyme system containing 0.05M potassihm phos— .

phate pH 772,10.025M MgCl,, 0.01M phosphoenolpyruvate3 2mM each dTTP,

2’

dCTP, dGTP, 0.5 Aye d(TC) -d(GA) , DNAse I, DIII and tRNA as before,

SmM'deoxynncleoside‘5'—monophosphate (dAMP,thuﬁP or 6-MedAMP), 130ug/ml

phosphoenolpyiuiate synthetase and 10ug/ml E. coli DNA polymerase 1,

" Under these conditions, at 37°C, 30 fold net synthesis isvobserved with

dAMP as the adenine sd%strate after 5 hours.
Reactlon conditlons for the sythes1s of the DNA* RNA hybrids were

0.4 d(Tc) 0’ O,ZSmM rATP (or

0. OSM Trls HCl pH 8.0, O 01M MgClZ, 260

analogue), 0.25mM C rGTP (2320 cpm/nmole) and 250ug/ml RNA polymerase.

Analogues were gifta of M. MacCoss of the Chem;strygDepartment (TuMP,

- FMP) or synthesized'hj the method ofﬂcpiffen and Reefe (l963)_(6—MeAM?);

These were converted'fo,the-triphosphate enzymatically @&s described in

.Appendix 2 The?hybrids synthesized with ATP, TuTP, or formycin 5'-

A
tr;phosphate (Figure 13 ) all yielded less fluorescen&e per nmole DNA
than d(TC)n-d(G_A)n in. the neutral ethidium assay. If.d(TC)nvd(GA)n

: LN
& 0
MY -

-
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.F.igure 14 Polyribopuripe ‘Synthe‘sis With ATP Anaiogues

. d(TC)n'd’ﬂ)rl was used as a template for E. coli RNA polymerase
- catalysed polyribopurine synthesis. Various ATP an'ailogu'e's were tested
for their ability to substitute for ATP. '

0O ATP A Tubercidin 5'-Triphosphate - oara ATP
M 6MeATP - A Formycin 5'-Triphosphate '

£y
»é’(’



substituted for d(TC) as template at a concentration of 1 A260 then
. heée analpgues, and others can be incorporated into polyribopurine

(bigure 14 ). -

Synthesis of the Random Pyt’l°Pun DNA d(T,C)n-d(G,A)n
Random d(G,’A)n was synthesized in a reaction mixture (10 ml) con-

taining 40mM K cacodylate pH 7.0, 10mM MgCl_, lmM DTT, 2mM dATP, 2umM dGTP,

-

0 and 0.lmg/ml TDT1 (Bollum's enzyme) (6800U/mg). (Appendix

1 A260PTu-5
111 ). After incubation for 4 hours at'37OC the reaction mixture was
chromatographed on a Sephadex G-100 column,equil?b;ated‘with 0.5M
NH4HCO3 pH-8.5, 6.0M urea (Stanley; 1967) and developed with the same
solvent. The.product d(G,A)rl was eXcluded,vimplying a chain length
> 100 (Stanley, 1967). This excluded maferial was dialyzed vs iOmM

NaOH, then lmM NaOH and adjusted to pH 8.0 by the addition of 1.0M

Tris HC1 to 10mM. ‘Total OD recovered was 3.85¢

260
In order to synthesize the complemgntgry‘stfand, d(G,A)n was
incubated with E. coli RﬁA pblymerase in a reaction ﬁixture (1 ml)
containing SOmM Tris HC1 pH 7.5, 10mM MgCl,, lmM DTT, 0.97 A, o A(G,A)n
0.28mM'14C CTP.(2250 cpm/nmole), 0.24mM UTP and 0.11 mg/ml RNA polyméré
ase (Burgess, 1969);for 5 hours at 37°C to pﬁbvidg a primer and then
3H dTTP (1220 cpm/nmole)'and dCTP to v O.SmM wére added along with
30ug E. coli DNA polymerase (1.94 mg/ml; 180dbdAT uﬁits/mg (Jovin
et al, 1969)). Incﬁbation was continugd for 7 hoﬁrs‘at 37°%¢ and then
ektended’for 3 hours.with_an additional 10ug of DNA polymerase. The
product d(T,C)n-dgGKA)n, after inCubaFion withYZOﬁM EDTA, 0.1% SDS

10 minutes at SSOC, was isolated on a Séphadex G-100 column developed

"y .
with 10mM Tris HC1 pH 8.0, 0.1mM EDTA. 0.66 OD260 were recovered (v507%).

59
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The excluded material was ~70% double-stranded as judged by the
incorporation of 3H dTMP into TCA precipitable material and 65%
double-stranded as judged by hyperchromicity when melted" in 1/10 SSC.
(TM v65.5°C equivalent to a G+C content of 42% (data of Wells et al.,
:1970 and of author)). The A260/ 280 ratio was l.7l9 and‘naximal'absorb-

‘ance was at 254nm.‘ No after heat fluorescence was observed.

Identical qgnditions were used when net synthesis was measured
either at 37°C or 41°C with all four deoxynucleoside triphosphates at
a concentration of ™ O.SmM. Synthesis was monitored by the neutral

ethidium fluorescence assay, as well as incorporation of radioactivity

into TCA precipitable counts.

Reactions with Glyoxal \
- The standard'conditiOns for the reaction of glyoxal nith polymers
were 10mM potassium phosphate pH 7.5,1.0mM EDTA, 50% (v/v) EtpH-(spectral
grade), ﬂ O.lﬁ glyoxal (Fisher v 40% aqueous solution) and DNA (usually .

Aé60)° Modifications are noted in the figure legends. The eXtent |
of reaction was monitored by removal of aliquots into the alkaline
ethidium mixture (formnatural DNAs) or neutral ethiidium mixture (for
synthetic polyners),

Denaturation ﬁaps were prepared from micrographs of partially
denatured A DNA spread by the formamide method of Davis et al (1971) which
nere traced onto Albanene tracing paper using a Nikon Shadowgraph 6C
_measured with a KE map measure and presented as according to Inman(1967).

Under the denaturation conditions the loss of fluorescence 1s

related to, but greater than, the extent of denaturation visualized

in the electron micrographs, perhaps due to reannealling of the partially
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denatured DNA as the sample is processed (Inman, 1967).

Irradiation of crosslidked PM2 DNA was performed as describedfin
Denniss and Morgan (1976) in the alkaline ethidium solution.

When Pyn-'Pun DNAs were derivatized for the removal of d(AT)n
the conditions were modified as follows: ihe DNA was incubated for 5
minutes at 95°C in the absence of ethanol (which is no longer necessary
to aid denaturation) and then for an additional 2 hours at 37 C to ensure:
derivatizetion. Hydroxyapatite separation was performed by the batch
.procedure of ?aeckau and Langman(l975). Since'botﬁ ethanol -and glyoxal
were found to interfere withithe separation the ethanol was omitted and
glyoxal in the reaction mixture was redoced to 5mM. During tﬁev
'Aabsorption step in 50mM potassium phosphate pH 6.8 ouffer a'fufther 1/4'
‘dilutiOnvwas effected. _Althodgﬁ Lepgman and Paetkau observed = that
0.l6M ootassium phosphate removes single~stranded DNA selectively, it
was found that d(AT) elutes at a phosphate concentration as low as
0.14M. ‘Therefore, only-the material eluting between 0.05M and 0 lZM
potassium phosphate was combined. Dederivetizatlon was accomplished by
titrating this fraction to pH 12 with KOH and heating for 10 minutes
at 95°C, followed byi dialysis vs 1mM NaOH. |

For'tﬁe separation of d(TC)n~and d(GA)nithe reection conditions Vere
'lOvapotassidm phosphate pH 7.5, 1mM EDTA, ~ 0.1M glyoxal and d(TC)n-

d(GA) (v1 A, ). Derivatization Qas performed by heating 10 minutes

260

at 95°C, ‘then 2 hrs at'37°C after which an equal volume of 50mM Tris

borate pH 8.3 was added and the sample aisorbed to a DEAE cellulose
column equilibrated in the same buffer. The column was developed

/first with a gradient of NaCl (OM - 2.0M) in Tris borate, then with

O.SM NaCl, 0.1M NaOH. Glyoxal was removed as describedlﬁor the -



d(AT)n separation and fractions were dialyzed vs 1lmM NaOH. Occasionally

the isolated strands were contaminated with the complemeptary strand
at a leQel of 27 - 5%,‘perhaps'due to‘ihcomplete strand separation.
This double-stranded material can be removed .by the hydroxyapatite
procédure described previously. | | o )

| When the polymer d( C)n(BHC)‘d(GA)n(l4CA>vwas subjegted to either
strand separation or removal of addéd d(AT)n>by these procedures and,
losses of radioactivity monitored, the gréatgst losses occurred in |
steps involviAg dialysis and these were subsequently limited to as -
few as possible. Howéver, losses of single-stranded material durihg

4

dialysis remains a‘problem, perhaps due to losses of material'through
thé diaiysis membrane as glyoxal treatment rééuces the moleculér

weight of these polyméfs. Also; during ghe hydroxyapatite step
‘iosses.of N 10% ~ 15% bccur because,dkAT)n‘elutes at a lower [Pi] thgn
i'expected for a2 normal dogblefstfanded polyﬁen,.and thus the singlé—‘
stranded material that would be contaminated with d(AT)n must be
discarded. DEAE cellulose chromatographﬁﬁof d(TC)n and d(GA)n results

in a loss of material on the column which is not removable by 5M NaCl

or 1lmM NaOH and leads to poor recoveryf

62
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CHAPTER IV FORMATION OF P§, PO

undergo a reversible strand rearrangement in solutions of" moderAte o

.

fonic strength’ when the pH is lowered to <6. The formation of'these 1}'i1 f“?%
structurés which we have named multiplexes results in a number of to |
changes in the physical and chemical properties of these Pyn-Pun DNAs,
'alterations which can be useful both in characteriming these structures
and monitoring the extent of rearrangement

As rearrangement proceeds the fluorescence due to intercalated
ethidium decreases as shown in Figure 15 for d(TC) d(GA)n incubated
under a,variety of conditions. This fluorescence loSs‘is‘dependent
on the presence of monoyalent or'divalent cations (here O.lM-NaCl'or .
lmM MgCl ) and the rate of fluorescence loss increases as the concen—'
tration . of these ligands is increased After extended incubation,
the residual fluorescence 1s 5% - lSZ of the original fluorescence
perhaps indicative of an equilibrium between d(TC)n-d(GA)n.which
binds ethidium and exhibits,fluoreécent properties and multiplex which .
does neither This residual fluorescence and amount- of residual

duplex is lowered by decreasing the buffer pH or increasing the

incubation temperature Analysis of analytical Cs density gradients

4
_shows.that:in.the presence of ethidium there is'a small buoyant

density decrease compared to the’value without ethidium present noted
for the d(TC)n-d(GA) multiplex (~10 mg/cc) nhile the buoyant density

of A DNA which does not form a multiplex, decreases by 66_mg/cc.'

The ratio of these two values (0. 15) approximates the residual fluores; :
- cence of the d(TC) d(GA) multiplex suggesting that ‘the loss of "l

— /

fluorescence is due to ethidium exclusion.' The Pyn'-Pun DNAs d(TTC)n-
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Figure 15 ° Rearrangement of Py 'Pu DNAs Monitored by the

Ethidium Fluorescence Assay
. Y .
A. Redh;rements for the rearrangement of d{(TC) -+d(GA) (6.5pg/ml)
~a. 5mM Na acetate pH 5.0, 2mM MgClj - n n
'b.” 5mM Na acetate pH 5.0, 1mM MgCls
. ¢. .-5mM Na acetate pH 5.0, 0.1M NaCl
.d., 5mM Na acetate pH 5.0, O.SmM EDTA

B. \Rearrangement of various: polymers in 5mM Na acetate pH S o,
d(TC) d(GA) = d(c)n-d(c)n 0 d(TTC) -d(GAA)
‘v d(TCC) d(GGA) o - : ‘ -

In addition all incubation mixtures contained ethidium bromide
at a concentration of 0, Sug/ml.

Rearrangements were carried out at room temperature.ﬁ-



'

-

d(GAA) d(Tc) d(GA) d(TCC) -d(GGA) and d(C) -d(G) all exhibit this
fluorescence loss at low pH but d(T) d(A) does not suggesting that
'bé C.base pairs are in some way necessary (Figure 15b). Natural DNAs
and synthetic DNAs with pyrimidines and purines in both strands (eg
'd(TG)n‘d(GA)n or d(TTG) d(CAA) ) do not form multiplexes

The presence ot ethidium slows the rate of fluorescence loss.
At.concentratiOns S-an/ml.eth%didn bronide;no rearrangement is

observed (as monitored by fluorescence loss). Therefore, although

-

this technique is useful 4in practical terms,‘the‘rearrangement is

. affected by'the presence of ethidium. ¢

a

Other Pyn-Pu DNAs were investigated for the ability to form

1

multiplexes. A DNA isolated from E. coli (gift of M. Coulter) was
judged Py -Pu bothsby its mode of replication (no CLC DNA synthesis

observed, see section onh 'the replication of Py Pun DNAs) and By:

characterization with transcriptional assays using E. coli RNA poly--

rd

v

merase (thesincorporation of labelled rGMP into TCA precipitable
o

material was dependent upon the presence of rATP and the 1ncorporation
of labelled rAMP upon rGMP but .neither reaction .was dependent upon

2774
in SSC/:0 of 68°C suggesting a GHC

the presence of rUTonr“rCT?). ‘It had a buoyant density in Cs,SO
at pH 7.0 of 1.424g/cc and & Tﬁ
" content of 50%. When incubatedlat pH 5.0 both the fluorescence loss

and a bnoyantldensity shift (discusseL later) indicative . of
multipléi formation were observed. The random Pyn.Pun DNA d(T,C)n
d(G1A5n synthesized for the Pyn'Pnn replication studies did not show
rearrangement, pointing out the need for a repeating sequence. Finally,
L cell‘pyrimidine 'tracts (giftloka;E. ﬁirnboim) vere repaired and
.jreplicated'by the samentechniques described'for the random Pyn-Pun DNAt

\

A
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From the pattern of synthesis and analysis of the broducts it was con-

-luded that one or possibly a small number of sequences were seléctively

»1ified, a different set for each reaction mixture{' When thése wvere
i f y
teated for fluorescence loss, some of the preparations exhibited the
Wy v
-expected loss of fluorescence but one did not. These results indicate

that the source 'of the Py :Pu_ DNA is unimportant and that the ability

of -the DNA to form.a multiplex is an inherent property related to the

type of sequence, Thé.exception mentioned had a TM in SSC/10 of 54°¢C
. . . o \

and a buoyant density in CSZSO at pH 7 of 1.421g/cc consistent with

4
it being an AT rich DNA. Thus a certain mole fraction of G-C base

(.
¢

pairs may be necessary for rearrangement. Since synthetic polymers

with repeating sequences of four or larger;feplicate very”poorlj the ‘kkél ék
in vitro synthesis éf defined DNAs with G+C contents < 20% neée;SAEy' :??ibdv
to test this hypofhesis ﬁay‘not be possible. ‘Anotger.mofe feasible
approa;h would Gje in the analyéis of Pyn'Pu# sgtellitg DNAs which

3

have béep sequenced .(Sederoff‘gg_éi.,1976). . T .
. : S L
Multiplex formation also results in buoyant density increases of

30-50mg/cc in Cé SO, at pH 5.0. As observed for d(TC)n-d(GA)n this

2774
 shift occurs in twq stages (Figufe 16 and.Table 5 ). There is initially
v
an increase of Slmg/rc As the . length %g incubation incxeases the -
o ok A L ks ¥

buoyamt density gradually decreaseaato a flnal value of. 1. 469g/cc after
' 8-10 days at-goom temperature with no further changes observed upon

) increasiﬁg the gimé of ingubatioﬁ or upon storage at -20°c. Returning
w‘the pH to neutrality;results in' a rapid reversal to material with a
buoyant dengity of authentic d(TCln-d(GABn eﬁphasizing'the‘;eversible
natufe of the rearrangement. The successive decrease iq>buqyant

~

density 1s accompanied by a sharpening of the qbservéd peak which may
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E%gyré l6v Rearrangement of d(TC),-d(GA), Monitored by Analytical
& o

4 Equillbrium Centrifugation

Samples were centrifuged to equilibrium (20 hours) after incubation
under various conditions. Tracings B and C also include A DNA as a
den51ty marker (density=1,426 g/cc)

A. d(TC)n-d(GA)n at neutral pH

B.  d(TC) -d(GA)_ incubated for 1 hour at 24°C in 0.5M NaCl
50mM Na acetate pH 5.0

C. d(TC)n d(GA) incubated as in B for 10 days

b



Incubatibn Time,(hqurs) ‘ P Cszgoé(g/cé) .’ »4' Band width ‘

LD ¢

o . 1481 - ° broad

6 - A © " 1.476 .. = . . - moderate

30 1473 . moderate °

54 o - . o 1.471 ' ‘ éharp

78 1.7 " sharp
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& U )n;dCQA)n Multiplex Monitoréd
-~ By Buoyant De ,y}iﬁ'Cs S0, at pH 5.0 '
o ‘ o 2 4 ‘
- - e e :
- .The incqpatfbndconditions were as described for Figure 16.

i
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indicate an increase in molecular weight due to aggregation. Sedimenta-

;on velocity studies in 1.0M NaCl, SOmM Na acetate pH 5.0 of rearranging

d(TC)n-d(GA)n suggest aggregation after 3 days inéubation at room

temperature under the above conditions. However, this behaviour which

could be predicted by any of “the models, is not necessary to ‘the
stability of any of the proposed structures. _

| The melting profile of the'd(TC) 'd(GA)' multiplex at pH 5.0.1s
shown‘in figurerl7a. Although a moderately high‘salg c;hcentration
is reduired for multiplex formation, once formed it is stable in 50mM
NaCl (at pH 5.0 in 50mM NaCl no fluorescence increase with ‘time is
observed)- If the concentration of NaCl is lowered to 25mM then a

. gradual return of fluorescence (1nterpreted as a return to duplex

‘structure) is” observed o Two hyperchromic shi;ﬁ-

,accounting for

all the expected 1ncrease 1n absorbance ‘are observed The first,

centre ‘248 5 S w1th a 6%~ 8/ hyperchromicfty, represents residual

e

.d(TC) -d(GA) duplexsregions which are responsible for the’ ethidium

_binding and. fluorescent properties@of the multiplex These can be

eliminated in either of two’ ways without affectrvg fhe buoyant density
K -

or T, of the multiplex Formaldehyde reacts sq@ectively witn these

M

:__regions at 55 C to yield a product that exhibits no ethidium fluores-
cence ‘and no hyperchromicity when the temperature is raised to 80° C
although the TM of the multiplex is unaffected; Reaction af formalde-k
'hyde,with'd(TC) -d(GA) results %m‘ma{erial'with a buoyant density of
3 &Sg/cc and a decrease in the multiplex buoyant density may have been
expected However, slnce the hydroxymethyl adduct 1is ' not stable, it

may have been removed’ during the time necessary for the centrifugation

step (20 hours), ‘with reannealling of the (formerly derivatized) d(TC)
SO

Iy

ool
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, Rearranged‘d(TC) d(GA) was dialysed into 10mM Na acetate

'p,gransition recorded.

.17 ‘ Absorbance—Temperature Transit&ﬁﬁs of Rea&ranged «

d(rc) d(GA)
v

pH 5.0, 50mM NaCl 0: lmM EDTA and the absorbance—temperature

K] - y -

A sample of rearr:nged d(TC) d(GA) prepared as in A was

'adJusted to pH 7.6 with 1. OM Tris HCl pH 8 0 and. the N

absorbance—temperature transition recorded.
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and d(GA)' directly to multiplex such that very little material was

cokh oy

‘actually derivatized when the density was measured . Secondly use can be

_‘made of the.observation~that d(TC)n and d(GAiﬁ (or d(TC)n'd(GA)n heat

‘denatured at neutral pH) when annealled at pH 5.0 directly form the

<

E multiplex; This multiﬁQEE;hag/all the properties ofhthe normally

rearranged d(TC) d(GA) multiplex but shows no ethidium fluorescence
and no. hyperchromicity when .the temperature is raised to 75% (this
observation supports'the contention that the multiplex does not bind
ethidium); The aecond hyperchromic. shift (30% - 35% increase in
absorbance) cEntred at 93°C'represents7the melting of the multiplex.
v Several conclusions can be drawn Thié melting temperature is v l7C

”higher than the corresponding value for d(TC) d(GA) at the same ionic

strength but at neutral pH suggesting a much more-stahlelstructure'

i ~

~.than the initial duplex and providing a rationale for the rearrangement
*(assuming that the base stacking and other hydrophdbic interactions
whichhaontribute to the stability of d(TC) d(GA)h'and its multiplex are
7rabout equal then one can calCUlate, using the van 't/Hoff relationship,
that’ the multiplex is more stable by ~v15 kcal/mol "basepair y @ very bw
favourable AH for thf rearrangement) The narrowness of the srgnsi-

tion suggests aAhighly cooperative;melting phenomenon. When.l§§§§
VHCl pH 8. 0 is added ‘to’ the multiplex to raise the pH to ™ 7 6

(Figure 17p) aibroader melting profile with a TM of 75. 5 c, identical

touthe TM of authentic d(TC) -d(GA) under~these conditions, is o

._observed again emphasizing the reversible nature of .multiplex formation.
Lastly, the ratio of hyperchromicity (at the T of 48.5 C)/hyperchromi—

clty(T of 93 C)+whyperchromicity (T of 48 5 C) is as expected fronm the

repidual ethidium fluorescence and ethidium binding studies (v O/lé)//’\\\\-/"



Table 6HSUmmarizes-the properties of all the Pyn'Pun‘multiplexes

which have been studied in detail (the T of the d(C)n'd(G)n multiplex

was expected to be > 100° C and not determined) All form ordered

structures, as indicated by banding on 052504 and’melting profiles;
. K . < .

which revertvback to duplex DNA when the pH is raiseé'to neutrality.

‘The increase in buoyant density ranges from 31mg/cec (for d(TTC) d(GhA)n)

‘to 59mg/cc (for d(TCC) d(GGA) )(compare with Table 3 ) and the

corresponding increase in TM is lSC‘ - 19¢°. A comparisbn of.d(TTC)n'
d(GAA)n’vq(TC)n.d(GA)n'd(TCC)n'd(GGA)n and d(C)n{d(G}h with their
respective multiplexes - shows the same relative order for these

properties in both structures-i e. the polymer with the higher TM at

pH 7.0 forms a multiplex with a higher T, at pH 5.0, although there

‘M

' ngno‘bardtand fast rule as to the extent to which either the TM or
buoyant density will increase when forming the multiplex. These

'similarities in properties strongly suggest that a common»structural

o

_organization may be responsible for- the stability of these multiplexes.

«,.»,

The increase in TM upon multiplex formation suggests a structure more

stable than the corresponding'duplex; Theoretical calculations by

‘ Pullman et al.(1967) demonstrate that the formatiOn of the triad c.c.c”

which involves a Hoogsteen base pair containing a protonated hydrogen
bond. (Figure 4 ) is accompanied by a + -~ large interaction energy
. , )

(-47.86 kcal/mole) when compared to du= interactions (-10° to -I2

.kcal/mole) or the triad U. A. U{(—ll.63 «cal/mole). These calculations

v

are for the interaction in vacuo and although the absolute values are

probably in error for interactions in solution, these relative values

may still be expected and could be important in rationalizing the

L2

stability of the multiplex.
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_ 1 o2
Pyn Pun Multiplex P Cszsoa(g/cc) TM( C)
d(TTC) - d(GAA) ‘ ©1.458 - ‘ 82.5
d(TC) -d(GA) 1.469 93.0
d(TCC)n-d(GGA)n ' 1.494 96.0

e . . : 3
d(c) -d(6) . ~1.513 - ND
d(BrUC)n-d(GA)h o 1.519 99.0

. {
“TABLE 6 Sumhary ‘of the Physical Properties of the

Py 'Pu Multiplexes

ff iy
l..

e

1. determined 1 Na acetate buffer pH 5.0 with either A DNA

(1. 426g/cc) i3

an internal standard

'M- single—stranded DNA (1.4465g/cc) as

2. Ty, buffer WasLIOmM Na’ acetate pH 5. o 50mM NaCl 0.1mM EDTA.

- 3. 'not defermine

N\

L e
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Formation of the d(TC)h'd(GA)n multiplex also leads to changes in
the ultraviolet absorption spectrum (Figure 18 ) and the circular dichro—
ism spectrum (Figure 19 ).. The discussion of these is strictly qualita-
itive. When d(TC) -d(GA) is rearranged at pH 5.0 the extinction coeffi-
cient increases at both short and long wavelengths with an isosbestic
point in the vicinity of 250nm. The CD spectrum has an isosbestic point
at v 257,5nmr ~Although the spectrum of the d(TC)n~d(CA)n control 1is very
similar at pH 8.0 and 5.0, with bnly a small decrease in ellipticity at
240nm, the spectrum of d(lc) d(GA)n changes-from one quantitatively
siﬂ*lar to that observed by Wells et al. (1970)with decreases in molar
ellipticity at both 280nm, which now exposes a minimum at v-302, Snm with
a cross over at ' v 297 Snm, and at shorter wavelengths such that a local
ninimum is observed at 244nm and ‘a local maximum at 232nm before the

'ellipticity drops rapidly at- wavelengths < 230nm. Tunis—Schneider and

- Maestre(l970) have correlated changes in the CD patterns of unoriented

gels with,a B | tonla. transition'whlch leads to-decreases in ellipticity
atilong and shOrt.wavelengths. It is tempting to-speculate that this
observation may also applv to the formation of the multiplex structure
since X-ray fibre analysis of duplex DNA compared to the corresponding
triplex eg d(T) d(a) ,' d(T) d(a) ;-d(T) | (Arnott and Selsing, 1974)

-Shows a change in ‘sugar conformation from C3exo to C endo,‘usually <

3
:_associated with a bB to A transition, upon binding on the Hoogsteen
d_(fl‘)n strand. Hoogsteen hydrogen bonding then may be involved in the

multiplex structure. When the d(TC) d(GA) multiplex is melted'»I then’

at 60 C thespectrumshows hyperchromicity only at intermediate wavelengths

(240nm - 280nm) and at- 96 C hyperchromlcity is observed at wavelengths :
”less than’“ 290nm and hypochromicity at wavelengths > 290nm. This hypo~

chromicity may be interpreted as disaggregation of th% multiplex, a

.
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Figure 18 .Absorbance of Rearranging d(TC),-d(GA),

d(TC)n'd(GA)n was allowed to rearrange in 0.05M Na acetate pH 5.0,
0.5M NaCl and the absorbance profile measured at different times.

Incubation was at 23°C.

| A O hours, at pH 8.0
B 3 hours, at pH 5.0
O 40 hours, at pH 5.0

A 88 hours, at pH 5.0
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_Figure '19a Circular Dichroism “Spectra of d(TG)n-d(CA)n

Spectra were compiled as described in Materials and Methods

for 4(TG) +d(CA)_ at pH 8.0 (dashed line) and at pH 5.0 (solid lime)

Values of [0] are in degrees em L molar ~1.~
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Figufe»_i9b ‘ Circhlaf;ﬁiehroismvSpeétra 6f‘d(TC);‘d(éA);
e : ec : .

- E

—~—

Spectra were “compilted ‘as in\Mnterials and Methods for d(TC)
d(GA) at, pH 8.0 (dashed line) and at pH 5.0 after, incubation for 6 i

”,days at room temperature.: Values for [6] as before.‘
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~ Figure 201' A sorbance of d(TC? -d(GA) Multiplex at Vatious _ 3
o Temperatures P o R e o
The d(TC) -d(GA) multiplex was merted 1n 0 OSM NaCl 0 01M'
_ Na acetaCe pH 5 0 0: lmM EDTA and the absorbance meaSured as a '

‘function of temperature.

Al .

o 23%
A _";’60°Cv |
o 96% -
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<.teverssl of the change observed for multiplex fotmation(Figure 20)
Hultiplexes of dduble-labelled Py 'Pu DNAs ( HdAMP and CdTHP)

a

were centrifuged to equilibrium in 032504 at pH 5. to test the
ihypothesis that ‘a triplex was formed accompanied by the liberation

of single—stranded-material In this case the ratio of pyrimidine f
:“strands to purine‘stra;ds ( C/H ) in the triplex would change from

3'the ratio at pH 8 Since single-stranded material would not be

expected to form a. aharp band on Gsz 4, smearing across the R

i.gradient, its presence may be detected as an increase in lac or 3H

'"“counts (depending on the type of triplex) outside of the main peak. o

B However, the results observed for d('i‘C) d(GA) ,dcrrc) d(GAA)

rd(TCC) d(GAA) -(Figure 21 ) suggest that all the material originally
\ 1
s present at pH 8" is present in the c0mp1ex at pH 5. 0 in the same ratio

s of pyrimidine strands to purine strands eliminating this model It

also may be proposed that tug triplexes with very similar buoyant :
‘ SR
--densities are. formed perhaps linked by the residual d(TC) d(GA) '

regidms, in which case the ratio of C/H ,should abruptly reverse o

.

-17when traversing the peak fractions especially after treatment with

.79

“formaldehyde to- eliminate the residual d(TC) 'd(GA) : When the double— o B

labelled d(TC) 'd(GA) multiplex was, reacted with formaldehyde at 55 c
':f‘(eliminating the first hyperchromic shift in the meLting profile and .

‘}:reducing the molecular weight as judged by the band width in C82304

fdensity gradients) and centrifuged to equilibrium in Cs 804 at pH 5. 0

X

, 13
--again only one peaﬁ of magerial with a constant ratio of 1 C/H across
1the band equivalent to the ratio at pH 8 0, is observed contrai! to

the' predictiona of the triplex model (recovery of 62!)

' e . S )
o Rearrangement to ‘more. than one type of triplex which could then :
A AN

'~aggregate together (repeating polymers ctan readily agé:egate due to

T



‘figﬁtcf?Zi?'f jPreparative s, SOa Den ity Gradienta of Rearranged

* Double-1abelled, Py -Pu DNAe at pn 5.0 .
escribed in Materials and Methods
(n ) H cpm 1n dAMP (n ) C cpm 1' dTMP (4) ratio 3H cpm/ C cpm

Experiments were carried out as'

d(TC) -d(GA) : Recovery of radioactivity was, 822 and the 3n
cpm/ C cpm rat:lo at pﬂ 8. o w” 0. 69. , ,

x"

‘-33'3{».:d(TTC) -d(GAA) Recovery of radioactivity was 892 and the
8 'f:;3ﬁ cpm/ C cpm ratio at pH 8 0 was, O 75. L :'5

‘,;;Q;Qvad(TCC) -d(GGA) Rccovery of radioacti‘ity was 60% and the o
R 3H cpm/ b¢ cpm ratio at pH 8.0 was 0. 88

.’, s )
S :
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their ability to slip‘forming.single—strand complementary ("sticky")

ends is thought unlikely for two reasons.. d(TC) ‘d(GA) could

| .
rearrange (1) to form two triplexes Py -Pu Py and Py -Pu 'Pu sinte
the requirement that A = G necessary for the formation of the Py s x

Co PunePun triplex, s fulfilled. =~ ‘1",' . \'V :

v

ff;fi(TC)n-d(cA)n > d(TC')'nv:d(GA)n;d(CfT)‘ + d'(TC,') () -d(A+G) L

3d(TTC) d(GAA)-*-) d('IITC) d(GAA) d(C T'I‘) + "d(TTC) 'd(GAA)n o
. (2a)
d(A GG) " /

]
)

ng(?cc)n.dﬁ(ﬁp‘)n*)_ d(TCC)n'd(GQ{\)n°d(C“ C 'i‘) .+,‘C!.(TCC)n:d(GGA)n- _—

. \ T .
.:the same type but only triplexes with the triads TAA and CGG which

are not isomorphous (and also do not require protonation of one of

the bases’ ) "1f a common structure is basic to all of these multiplexes,
since two triplexes cannot be constructed for the: repeating trimers,
by 1nference the triplex model is not plausible., Secondly, it seems
‘unlikely that for the range of polymers which form multiplexes with

4 G+C contents of 33% to 100% both triplex species derived from each
polymer would have similar buoyant densities and melting temperatures.
Aggregation of the two triplexes may lead to one peak on Cs SO4 but
separate melting shifts should be observable If reaction with formal-
-dehyde at 55 ¢ or 93°% 1s used to reduce the molecular:weight of‘the \
multiplex, still only one hyperchromic shift and one peak in CsZSO4 is
observed .b |

Three independent lines of evidence belie the hypothesis that



\.multiplex formation results from a simple conformational change of
these Py Pu DNAs Random d(T C) -d(G A) which would be expected to
undergo conformational changes does not form a multiplex (also '

_emphasizing the need for a repeating sequence) Secondly, the .

rearrangement is concentration dependent (Figure 22 ) suggesting an

interaction between at least two species.‘ Lastly, d(TC) -d(GA)

. and d(BrUC) d(GA) (a density 1abe11ed analogue of d(TC) -d(GA)

with dBrUMT residues replacing dTMP) rearranged together form a
third species The d(TC) d(GA) multiplex has a T of 93° C and a

\buoyant density in Cs of 1. 469g/Cc...Thevcorresponding values ,

4 .
for t e d(BrUC) 'd(GA) multiplex are 99°¢ and 1, 519g/cc (Table 6- D

jWhen rearranged separately and then mixed together two peaks are

\\

observed in Cs SO4 gradients and two hyperchromic shifts at ‘high
" temperature are seen as expected if’ there was no interaction of the
- . - . ’\
final products However, when transformed together only one peak ats

| a density(:f 1. 493g/cc in CsZSO4 gradients (whichéis almost equi—

‘distant from the value of the individual multiplexes)kis observed

and from the melting profile three hxperchromic shifts of approximately
Jequal magnitude are observed at. 93 °c (d(TC) d(GA) multiplex),
99°¢c (d(BrUC) d(GA) multiplex) and at 95 5 C. This later shift ‘
‘. is presumably due to: the interaction of d(TC) od(GA) and d(BrUC)
d(GA) and again is approximately equidistant from the values ‘of the
indivfdual multiplexes. Therefore, while confirming an interaction :
between the two polymers; contrary to the results expected for a

. conformational change, these data also suggest the interaction may be

{1:1.

The reactions of various site~specific chemical reagents with

82
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Rearrangement

, d(TC) 'd(GA) was allowed to rearrange at room temperature over-
-night at various concentrations in 50mM Na acetate pH 5. 0 ZOOmM NaCl..

.. The incubation mixtures were adjusted to 50mM Na acetate PH 5.0, ZOOmM
'~ 'NaCl, 0. Sug/ml ethidium bromide and the - fluorescence reading taken.

\
\



‘k‘
d(TC) -d(GA) and with ‘the corresponding multiplex were.investigated
‘with the following rationale. if a particular site is important for
the formation of the multiplex then by blocking that siqe Lt neutral

.th :earrangement to the multiplex.should be inhibited or abolishad
ﬂdepending on the extent of modification., Conversely once the multi-

‘ plex is‘formed that site should be’ 1ess aCCessible td—chemieal reagente
_especially if involved in hydrogen bonding.v Chemicals that were useﬂ
'as probes included formaldehyde (Grossman, 1968), glyoxal (Broude end
fBudowsky, 1971) and dimethyl sulfate (Singer, 1975) Formaldehyde
reacts with free amino groups. reversibly forming an hydroxymethyl

: compound , Glyoxal also reacts with amino groups but the only stable p

"v'adduct formed is with guanine due to. subsequent cyclization after

,_reaction at the l-position (the structure of this adduct is diacuseed

© . in the section concerning the reactions of glyoxal) and this adduct

decomposes at alkaline pH's with the recovery of guanine. The relative

!

stability of the adducts formed with nucleosides (Broude and Budowsky,
:>.1971) has been confirmed for polymers by use of fldbrescence assays.

- The polymers dA . rA and rC when reacted with gléoxal at pH 7.5

'{and dialysed at pH 5 0 form the expected duplex D‘gs as measured by

E .:fluorescence at pH 5. 0, when annealled with the omplementary strand ) g

_dT rU and rI respectively confirming the rev sible'nature of

the reaction with a-or c. The guanine adduct 1, fstable under these
T

AAconditions. Dimethyl sulfate reacts with purine bages and. to a limited
extent with the phosphate backbone(Singer, 1975), compared»to other
alkylating agents. The éxtent of phosphodiester hydrolysis is low. The proe'

1-ducts are?aMeg,7—Mea;and3—Mea_in avratio of 12:1:1 (thevliterature '

~value ‘for the ratio of 7-Meg to3*Mea is 6-7:1, see Materials and Methods).



. .88
' Resulfs of theae'modificgtion experiments (Table 7 ):ausgeata that the - .
‘ ‘ A o ‘ k |
76-aminovof a and .the lv, 7 and 2-amino positions of g are important to . the.

multiplex structure. Neither glyoxal nor. formaldehyde reaet with duplex
,sDNA at’ neutral pH nor with the multiplex at pH 5. 0 as measured by ultra—"
violet absorption, buoyant density in Cszsoa and melting temperature.

After 1 hour at 23 C in the presence of 32 formaldehyde there were no ;

spectral changes and the buoyant denaity of the multiplex. was 1. 4683/cc =
~(under these conditions the reaction with dAMP is 702 complete,:as judged .

-

by the change in A After four daya at 30 ‘C in the preaence of 50mM

275)
,glyoxal. the T of the multiplex was 92% and material incubated for one

M
month at 23 c had a buoyant density of 1. 4683/cc (both formaldehyde and
glyoxal treated d(TC) d(GA) n’ when completely derivatized show a broad
band in Cs 804 centred at 1. 4Sg/cc) These experiments rule out the =
poseibility of a Hoogsteen duplex especially since reaction with-the 2~
_ amino and l—position (of g) would have been observed (note that Hoogsteen
- hydrogen bonding could be'involved in a larger complgx which alsow
included Wataon-Crick hydrogen bonding)t\ Denatured'd(TC)#fd(GA)n
: reannealled at pH 5.0 directly forms a multiplex Iffeither glyoaal or.
! formaldehyde is reacted with denatured d(TC) ‘d(GA) inhibition of multi—
| plex formation s observed.- However, decomposition of these adducta byi H
dialysis at pH 9.5 allows reformation of the original’ duplex at neutral
pH or the multiplex at. pB 5. 0 (monitored by fluorescence, buoyant density
and melting temperature) g e ' S " ,. v
- The extent Qf reaction of dimethyl sulfate with the multiplex as ,; | ;j_
measured by the decrease in T (Uhlenhopp and Krasna, 1971) is les@
. than for duplex DNA (Figure 23a ) At a dimethyl sulfate concem-

tratiOn of 100 mM the decrease in- T for duplex DNA is 6c° and
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... -7 ABILITY OF DERIVATIZED
REAGENT - , 4(TC) ;+d(GA) | TO: FORM
R R ‘MULTIPLEX

"REACTION WITH -
'MULTIPLEX AT pH 5.0

— —
xrormaldehyde ke No.
. Glyaxal : .' -~'j~: . N . . .. N
.Dimethyl Sulfate _ . . 'Neo o ) S ,Lb"" .
D " SITES IMPLICATED IN MULTIPLEX FORMATION
, ) o ’ oo

- : : .e T

TABLE 7 ﬁ E Chemical Reagents as Probes of the d(TC) d(GA)
'f\\ ' Multiplex Structure ’

b

'f_Detgils-giﬁénbin'naterials'and Methods and in text.

R~
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"Figu;e- 23‘é Reactions of Dimethyl Sulfate with d(TC)njd(GA)n
v , : .

\PMS on the T,/ of t:he‘d(TC)'h'd(GA)n multiplex (0)
and ¢ontrol\qulex DNA (@). For experimental, see Matérials
- and Methods. - o

A. ﬁffectvof

B. Inhibition qf multipléx fofmatibn,by reaction with DMS as

measured by the decrease in buoyant density shift. For
E T : ‘ _ v
experimental details, see Materials and Methods. '
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the decrease for the d(TC) -d(GA) multiplex is 2.6c°. This suggests-

that the 7-position of the purine bases (the major site of methylation)

is not [as accessible as in duplex DNA and that these- sites (especially -

o

| the 7—position of g) are involved in the stability of the multiplex )

structure, (It is perhaps a coincidence that, judged by the reduction

[

in»xﬁ, one half as many.sites-are available in the multiplex (i.e., the

‘7-position of g) as predicted for ome of the'tetraplex models~(Figure

8 ")), Methylation of d(TC) d(GA)-iat neutral pH reduces. its

ability to rearrange as measured by the inhibition of the buoyant

-}density shift that accompanies rearrangement and by a‘decreased,

fluorescence loss. Reaction with 100mM ﬁMS is sufficient to stop

multiplex formation'(Figure.23b); _It has been shown;that methylation

of the pyrimidine 5-positiona1eads to various changes in the‘buoyant

-density (in CsCl or Cs SOQ) dépending on thevpolymer (Gill et al.,

>1974), however, this methylation increases the T (stabilizes the

duPIEX) contrary to the effectvof methylation at the 7-position which

- decreases the T,. The distribution of purine bases for an average

M
d(TC)_-d(GA)_ of 750 base pairs methylated with 100mM DMS (as cal-

‘ culated fyom Table 4 “)‘ is ‘246'(g,‘ l30»7'Meg, 354 a, 11 7Mea and 11 3-Mea.

2

It is obvious’that more>than one methylation is necessary to stop
/

~ multiplex formation but the preponderance of modified g residues

suggests the 7—position is neCessary for multiplex formation (implying

Hoogsteen hydrogen bondingf and perhaps also the 3-position of a.

-y

. If one accepts the premise that a common structural element exists

/

'for all’ the multiplexes then the’ observation that d(C) d(G)n'forms‘

such a'structure reduces the possibility that methylation at the

3-position interferes with multiplex formation. ~Also recent experiments

88



with methylated d(C)n-d(G) confirm that the methyla;ed polymer rearranges

at a much reduced rate. o v e

Many of thelexperimentS‘described suggest thah‘protonation of -

© one of the bases may'bevinvolved in the multiplex structure; This |

w*

hypothesis was tested by direct titration of rearranging d(TC) 'd(GA)

to pH 4.5 (in order to increase the rate of rearrangement) compared :

ot

to. standard duplex DNA titrated to pH 4 5. under thg game conditions

(Figure 24 ) Clearly protons are being taken up to the extent of o

one mole of "acid per 7.6-9.1 moles nucleotide The titrated material

v

was . characterized as usual and judged > 97% multiplex by: fluorescence.

These results are in good agreement with the yalue predicted for a

tetraplex with‘Hoogsteen hydrogenrbonds (Figume}B ) which predicts.

a value of 8:1, although they do not f£ix the site of protonation

" which one can'only infer to'be theA3-position ofhc from'model building

A

. . . . . N . . ‘,
studies. . o k ' .
The tetraplex structure with Hoogsteen hydrogen bonds is the most

reasonable model, sufgicient to eaplain'the‘properties offthe multiplei.

‘It satisfactorily rationalizes the need for the low pH, the increased

hd

~  stability. of the multiplex (due to the formation of -a protonated hydrogen

&

bond) and the neceSSity for_ G C base pairs, and the,relatiVe inertness '

towards chemical reagents.“ Also the inclusion of Hoogsteen hydrogen

s :',

bonding into the sgructure explains the observation that only Py -Pu .

'DNAsvform;multiplexes. 'Inspection.of models dees not lead ‘to any

obvious reason'yhy d(T)n-d(A)n cannot £orm a tetraplex and there is :some

: : . o I :
preliminary evidence that such a structure may be formed at neutral

pH in CséS,O4 gradients (A.R.'Morgan,~personal communication).

Although‘incubation at low pH is used in these experiments to form

r
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solution -

'-Hc'r(o.on_sN AD‘DED.'. j11,/10ml

soL_ 44y ]
| ~TIME, hr :

Figure 24 - Titration of. Rearranging d(TC) 'd(GA)

Aliquots of 0 0113N HCl were. added to d(TC) 'd(GA) in - 0 SM NaCl,
1. OuM EDTA pH 7.4 until rearrangement was complege using the . apparatus
previously described in Materials and Methods. Ce

Control, buffer with calf thymus DNA at 6.7 A260 ' .
Control, buffer alone g . . ’
Titration #1, 0.69 mM DNA - R

Titration #2) 0s61 mM DNA . = .

.OD>



these putative tetraplexes it may be possible, especially since they are

i
,.y

more stable than the corresponding duplexes, to form them at neutral

pH under different conditions .or in the presence of a particular protein._’
-‘:0\ In this regard there is evidence that the triplex d(TC)n d(GA)n r(C U)n
‘can indeed be formed at neutral pH(Morgan and Wells, 1968) well ahove~the \
" pKa normally associated with the protonation of c.
One approach to understanding the structural basis for the multiplex S
- is to insert bases, which have been modified to eliminate certain hydro-{ jf
gen bonding sites, into these polymers and observe their effect on multi-
plex’formation. RNA ~DNA hybrids analogous to d(TC) r(GA)n were synthe—ﬁf
sized using tubercidin 5'—triphosphate and 6-Methyladenosine S'—triphos-}f
phate(Figure 13 ) as precursors replacing TATP. However d(TC) -r(GA)n
‘did not. show the fluoregtence loss associated with multiplex formation.
The reason why an’ RNA DNA hybrid does not form a multiplex is obscure.

. \

Arnott has shown these to be(in fibres) in A conformations (Arnogx et al
1973) but d(C)h d(G)n which forms a multiplex also has an A structure |
(Arnott and Selsing, 1974b) Therefore the inability of these hybrids

:_'to form multiplexes may be related to the close packing expected
for the structure which may be disrupted by the presence of - the
hydroxyl moiety at the 2'—position.‘ The deoxyribose 5'-triphosphate“

B analogues corresponding to the above ribose analogues were then
synthesized and substituted for dATP in the’ synthesis of d(TC)n d(GA)n.
'In addition 7"MedGTP was synthesized and substituted for dGTP in a
simtiar reaction. The use of these analogues would test the effect .
on multiplex formation of modifying the 7—position of g, the |

-

. 7 position of a and the 6—amino position of adenine.

03

Y



L e

',None of these analogues were incorporated into DNA\when d(TC) 'd(GA)

- was used as template and in contrast to previous rvports (Novogrodsky
et aL 1966) we were unable to replicate d(AT) using &MedATP as a
substrate._ In’ addition'}MedGTP inhibited the synth sis of d(TC)
d(GA) in ‘the presence of lmM dGTP (Figure 25 ) as m asured both by
fluorescence and incorporation of radioactivity into acid insoluble

“counts (the polymers synthesized in the presence of } edGTP and dGTP

"icontained <1 residue of %MedGMP per 500 000 daltons of- NA) Work

v in this area. is still in progress.

_As judged by its melting behaviour, the d(TC) -d(GAgv multiplex‘

o binds spermine With the addition ofthuM spermine HCllto 10mM Na’

acetate pH 5. 0, SOmM NaCl 0. lmM EDTA the’ T is adged fxom 93°c

(Table 6) to 97, ,5°C. and decreasing the ionic-strength .
’.the TH as expected from the interaction of spermine with‘duplex DNA. | Lf
Spermine is thought to bind to DNA phosphates in the minor groove
(Suwalsky et al 1969) and although the multiplex structure may not !
contain major and minor grooves per se there is a confqrmation with
the proper geometry for sperminefbinding.
If d(TC) 'd(GA) is incubated at pH 5.0 in the presence of 12
- formaldehyde the multiplex formed has a buoyant density of 1. 4633/06:
rlower than'the normal 1.469 This decrease is expected if formaldehyde‘
v'reacted with the polymer although no reaction with the multiplex or .
‘duplex is observed under identical conditions. Thus amino groups may
be transiently exposed during rearrangement as’ predicted for the tet-
z'raplex involving Hoogsteen hydrogen bonding (as well as a number of

other models) Glyoxal substituted for formaldehyde at a concentra— ‘f'

‘tion of 0.1M does not affect the buoyant density although this,may



w
o
-

N
o
T

NUCLEOTIDE INCORPORATED, nmoles
A

oy
60 90 120
TIME, min - -

. Figure 25 , Replication'-of d(TC)n-d(GA)n- in the Presence of 7-MedGTP- .
_ Conditions were as described in Materials and Methods ‘with 1mM dGTP
and 7-MedGTP at concentrations of OmM (.), Q. SmM (O) 1. 1mM (A),

L. 6mM (D), an‘d 2. 1mM(A)



be related to kinetic phenomena, the rate‘constant of the reaction
with guanosine at pH‘S.O'is <‘l x 10 min (Broude and Budowsky,
sl97l) while the rate constants for.the reaction of formaldehyde with.‘
LdAMP, dGMP. and dCMP are in the range 1-4 x__102 min_l (Grossman, l§68)
or to a steric effect due to'the larger siée of'glyoxal compared to
" formaldehyde. T o -
The‘interaction'.of‘.d(TC)n-d(GA)n with d(TC)# or d(GA)n was'
‘studiedffluorometrically (Figure 26:)'with the hope of isolating
.triplexes which could possibly'be intermediates'in multiplex formation.
Bach ‘d(TC’) and d(GA) interact with d(TC) -d(GA) at pH 5.0 as |
bmeasured by the increase in fluorescence of\intercalated ethidium,
but’not at pH 8 0 at the same donic strength The fluorescence
/increments are 9.0% - 22 0z. (after 6 minutes incubation) and 2.0% -
5, SZ (after 2 minutes) for d(TC) ‘and d(GA) respectively In both
cases (at 1onger times) there is the fluorescence'loss associated with

multiplex formation. The reasons for the difference in theifluorescence

increase could reflect either intrinsic differences in the fluorescence/

-mole nucleotide between the two putative triplexes or kinetic differences :

E I “
in their association rates especially since polypurines form more

ordered structures than polypyrimidines (Felsenfeld and Miles, 1967)
which could inhibit Py 'Pu ‘Pu triplex formation. The addition of
either of these. single-strand polynucleates retards, but does not stop,

'multiplex formation implying ‘that the multiplex is: the more stable

structure. It is interesting that in the studies on the triplex

'd(TC)"d(GA) r(C U) Morgan and Wells did not observe any rearrangement

to a structure reassembling the multiplex at pH s as low as 5. 0

(A.R. Morgan, personal communication). It seems unlikely, in view of

94
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d(GA)n at pH 5.0 '
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the great stability of - the multiplex, that this lack of rearrangement‘
is due simply to a difference in the incubation mixtures but may be
related to the difficulty in packaging the.2'—hydroxyl of the ribose
moiety into such a compact structure as. proposed in the discussion
concerning the RNA -DNA hybrids. Research-into this area should be
pursued further not‘only with the hope of isolating putetive inter-
mediates in‘multiplex'fcrmatiqn'by va:ying the incubetion’conditions
‘but also in otner to, study the relative stabilities of the three. types
v'_of polymers (multiplex, d(TC) 'd(GA) 'r(C U) and "H(TC)n°d(GA)nd(d+T)n"

| and "d(TC) d(GA) aate) . | |

An X—ray fibre diffraction study would yield the most definitive

1dentification of'the multiplexxstructute (McGavin has calculated the
_ expected intensities'fbr the gfttsplex-modelvwhichnhe has nrQPOBediA

(McGavin, 1971)). This is the approach now under investigation.

3
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_CHAPTER V THE REPLICATION OF Py,-Puy DNAs

“ Modes of DNA synthesis have been studied in vitro'using E. coli
DNA polymerase I (Kornberg's enzyme) and a variety of DNA templatea
Schildkraut, 1964 Paetkau, 1969) . When the in vitro synthesia of
Py -Pu DNAs 1s compared to the synthesis of a natural DNA such as E.
coli DNA or a synthetic DNA with pyrimidines and purines in both ‘strands,
such as d(lc?#-d(CA);’-differences are immediately apparent.y These
different pa\'ernsfof synthesis are most easily‘illustrated usingfthe'
fluorescence assay as shown in Figure 27 . o ( \

‘ " All the newly synthesized DNA is. 1002 CLC when E.{coli DNA is used
as template, only the input DNA shows no return of fluorescence after
' the heat step (Figure 27a) In contrast, during the synthesis of
d(TC) d(GA) (Figure 27b) CLC DNA formation is never observed (even
if the temperature is raised) When d(TG) -d(CA) is used’ as. the tem-
. ‘plate intermediate values of CLC DNA synthesis are observed in this

case 25% CLC DNA after 5 hrs. (Figure 27c) This.suggests a mode of

synthesis intermediate between E. coli DNA and d(TC) -d(GA) or a CO@F

‘vbination of the two modes.

Two different mechanisms illustrated in Figure 28 have been postu—
lated to explain the observed types of synthesis | Strand switching
mechanisms (Figure 28a) propose that synthesis directed by a,template
strand displaces the complementary strand (Kornberg, 1974) until at some
stage the polymerase switches strands and now begins to copy the
complementary strand.. All the newly synthesized DNA becomes CLC,
renaturing spontaneously after the heat denaturation step of the

fluorescence assay. This mode of replication is thought to occur with

naturar DNAs as templates in vitro- and perhaps also in vivo (Guild, 1968) ;
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Figure 27. . In Vitro DNA Synthesis With E. Coli DNA Polymerase I

DNA a‘yﬁthea‘ie was ﬁiaaure’d,hy_" ﬁag of the ethidium bromide .\
assay .mixtdrg_s" at pH ‘B,O(panei's B. and C.) or pH 11.7(panel A.).
CLC DNA‘.'vhyntﬁgais was é@timated from the flﬁgrescence‘afté; the

‘heat step. The input templates were E. Coli DNA(A.), d(TC)n-d(GA)n

(B.), and d'(TC)n-d(CA)n(C.).' _These figures are the work of Dr. A.
R. Morgan, N ‘

" © Total DNA

® CLC DNA~
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.F%gure 28ay  DNA Replication By a Strand Displacement Mechanism

PTGTETCTCT Con
t@AGAGAGAGAGp

\

pTCTCTCTCTCOH~

HOAG AGAGAGAGp

RV T
pTCTCTCTCTCJC%;
?;AGAGAGAGAGAGp

VFigurev 28b  DNA Replication By a Slippage Mechanism
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and requires pyrimidines and purines in both strands.' Slippage mechanisms

A(Kornberg, 1974) require repeating sequences 8o that the DNA‘strands can -

':slide with respect to. each other ahd synthesis occurs at the ends of the

.

%_molecule via a repair—type reaction (Figure 28b) At all times the

'complementary strands are separable by denaturation (no CLC DNA
observed). This type of mechanism has been postulated to. explain the
replication of Py °Pu DNAs. If d(TG) d(CA) is used as a template then
its ‘mode of synthesis may be a combination of "slippage and ' strand»
b-switching or some other mechanism..

"Slippage"‘as‘theamEChanism for~Pyn'Pun_DNA.synthesis was.teSted N
by.constructing a Py;?PunvDNA’with a.random base order‘which could not
slip and would, therefore, not be expected to show the same pattern
of synthesis as observed for d(TC) d(GA) slippage is important.
This duplex DNA ‘was synthesized as described in Materials and Methods p59
with d(G, A) as template, added primer and 4TTP and dCTP After repair’ -
of the random d(T C) strand with random "d(G,A) as template to give
d(G A) d(T,C) no synthesis was detectable, either by the incorporation £
of radioactivity into acid precipitable counts or by the fluorescence
assay. As shown intFigure 2§ , the extent'of d(T,C)n:synthesis is
60% ; 80% of the input d(G;A)n.‘ In contrast,pmhen alternatingAd(GA)n,
.._which wodid give rise to d(TC);.d(GA)n, was‘used as template‘a large net
-éynthesis (up'to 45 fold after A‘hours) was observed. Thus, a repeating
sequence is necessary for.Py 'fu DNA synthesis under thesevconditions
_as predicted by a slippage model. |

] This type of system, i.e., the use of an RNA primer for DNA -
synthesis, could also serve as a model system for DNA replication since
synthesis is accompanied by degradation of thelRNA primer, presumably

. P : .
by the polymerase's RNase H activity. Also, this methodology has been
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' Figure 29 '  RNA Primed DNA Synthesiszith E. coli DNA Polymerase i

DNA synthesis yés'measured'using RNQ%primed d(GA) (A) or d(G,A)
(@) as témplate‘(see Materials and Methods). After an initial phase of
répair synthesis, all four deoxytriphosphates were added (arrow) along

~ with additional DNA polymerase. Note.the change in the ordinate scale.
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Figure 30  Replication of d(T,C) d(G,A); at 41°C

‘Conditions for repli@;ation are given in Materials and Methods.
Synthesis was monitoredv‘by the removal of aliquots into the neutral.
ethidium assay mixture, - ' : S o

O before heat values D SR

o after heat values



. - S - 103 -

utilized to repair and then replicate Py Pu DNAs starting from pyrimi—

dine tracts isolated from L cell. DNA(Birnboim and Straus 1975) |
Although duplex d(T,C) -d(G,A) is not replicated at’37°C net

synthesis is observed when the temperature 1is raised., Figure 30 shows

the pattern of synthesis at 41° C as studied by the fluorescence assay,

T

to be similar to that observed with d(TG) -d(CA) aswtemplate. Compared
kto the rate of synthesis with either d(TG) d(CA) or d(TC) d(GA) as
template, this rate isg slow, however, after 6.5 hrs 3 fold net synthesisi
_is obseryed,with'322 CLC DNA formed. Therefore, CLC DNA can be synthe*
sized withiPy -Pu DNAs as templatesaif they are unable to slip and it
is not necessary for both strands to contain pyrimidines and purines
as earlier surmised. |

A possible rationale for this data may be as follows. DNAs that
aﬁe synthesized via a slippagermechanism do not\give rise to CLC
sequences.' If an impediment to slippage such as a’ random base
: sequence is introduced then net synthesis is dependent upon strand

.separation which allows the polymerase to switch strands with the

"Subsequent formation of CLC sequences. In the presence of Mg 'y the

"'VTM of d(TG) d(CA) is less than the melting temperatureé?f d(TC) d(GA)

. (the DMS are 87.5° C and 94 c respectively 2mM Tris HCl, pH 7. 7, ZmM
:MgC12, 0.2 mM EDTA) and would be expected to undergo strand separation l

more readily than d(TC) 'd(GA) - Since the replication of d(TG) «d(CA)

doesﬁnot give rise to 100% CLC DNA slippage or some other mechanism not

: leading to CLC DNA formation must also occur. ' The synthesis,of d(T‘C) .

d(G A) is. similar to d(TG) d(CA) Since natural DNAs give riSe to

100% CLC sequences, then da(r, C) -d (G, A) _may contain some repeating

sequences such that the product is not also 100% CLC.
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This simple model implies a 'competitdon" between slippage sndestrsnd
displacement modes of synthesis based on the requirement for strand '
separation before synthesis ' However, other modes of synthesis leadiné\

' to CLC DNA forma;ion can be accommodated. One of'these (Morgsn; 1970)
‘predicts that the branched, single—stranded DNA expected in the initial ’

'~,stétes‘of a strand diso}acement mechanism should not be.found.;
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CHAPTER VI. c_LYoxAL'As A PRosE'op NUCLEIC ACID STRUCTURE

7

The use of glyoxal (ethanedial) as a potential probe of nucleic

- acid structure hﬂ“ been widely investigated (Shapiro and Hachman, 1966‘

. BrOude and Budows*y 1971) ‘Its advantages include a relative specifi-

city~forfguanine residues, reactivity over a wide range of pH values

.and ionic strength conditions, and reVersibility of adduct formation

» by. simply raising the. pH. Broude and Budowsky (1971) have shbwn that

~this reagent could be eSpecially useful in the pH'range 5 -.7. .The

‘rate of decomposition of the guanine adduct is negligible -and products

formed with adenine or cytidine aminolgrOups are unstable in this pH
range. The structure of the adduct formed with guanine is in doubt.

A five—membered ring is formed but the hydroxyls may be positioned

.either cis»or trans (Figure 31). SBapir _g_ t alt (1969) have: interpreted :

——
J

the lack of coupling between protons 1 and 2, when ‘the NMR spectrum

was determined in Dzo, as evidence in favour of a trans conformation.

However, the ultraviolet spectral values reported for the glyoxal—

"~ guanine adduct differed from those reported by /Shapiro and Hachman (1966)

/
for the glyoxal-guanosine adduct which is not unexpected _but Shapiro

‘and Hachman (1966) do not report an infrared absorption for tﬁe hydroxyl

"protons which should’ be prominent and the adduct he describes seems less ,

’stable at pH 5. 0 than expected from the later work of Broude and Budowsky

(1971). In contrast, the increased stability of this adduct in the pre—'
sence of borate buffers at slightly alkaline pH's (Litt, 1969) w0uld
argue in favour of a cis conformation (Khym, 1967) Although the data

presented here favours the cis cdnformation, ‘the results do not depend .

~.strictly on either of the two possible structures being correct.c.

o

/

- ‘ : ' - [
.‘ A . Lo R {
1 . . . < . - . . !
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Figdré 31 Pdssible Conformations of Glyoxal—gﬁéuosine Adduct
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Figure 32 Reaction of E. coli DNA With Glyoxal As Measured By

The Reduction in TM

E. coli DNA at 1 A260 was incubated for 8 days at room temperature

‘ with increasing concentrations of glyoxal in 10mM Na acetate pH 5.0,
0.1mM EDTA, 0.2M NaCl. After dialysis against the same buffer to
remove exgess glyoxal the temperature—absorbance shift was measured.
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During the'inuestigation of the d(TC)‘*d(CA) multiplex structure,
in which glyoxal was used as a probe, some of the reactions of glyoxal
with various polymers were studied and techniques developed whic‘
may be of;general interest. - -, |

The reaction ofvglyoxal withfbases, nucleosides or nucleotides
"can be easily monitored spectrophotometrically (Broude and Budowsky,

" 1971) since adduct formation causes. pronounced shifts in the observed
spectra. Reaction with duplex DNA changes a large number of the
physicalrproperties of.the DNA, such as sedimentation coefficient,
buoyant\density or melting temperature‘(see"Figure-32 )iwhich can be.

-\useful in monitoring the extent of reaction. However, the most’
';dnvenient and sensitive assay method presently available 1is the
ethidium‘assay‘de;cribed in Materials and Methods.. ThevreaCtion
of glyoxal with A DNA under a wide variety of conditions is shown
in Figure 33 and with PM2 Cccc DNA in Figure 34 both measured by
'the alkaline ethidium assay method |

The reaction with A DNA points out a number of interesting
comparisons. As the temperature is raised from 52°C (Line e).through
55%¢ (Line a) to 60°C (Line,d) the rate of reaction increases, as
nould‘berenpected. Under these conditions‘AvDNa is partially denatured
but would‘renature immediately upon addition to the alkaline ethidium

.mixture. Reaction with glyoxal prevents this renaturation by blocking
hydrogen bond formation resulting in the observed fluorescence loss.
The increased rate of fluorescence loss ;s the temperature is raised
probably results‘from both an increased reaction rate for glyoxal

addition and the increased rate and extent of Tocal denaturation.

‘Increasing the ionic strength from 0 to 50mM added_KCI-does not o
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Figure 33 :1 Denatdratibn'of A DNA éé ﬁeasuréd by the FIdoreécenCe Assay

(a) st.*.andar‘d'co'nditi‘onsypH 7.5‘, 55_°C. All other ek'peri;nents as (a)

except for the following changes: (b) pH 7.0, (c) pH 6.5, (d) 60°C,
(e) 52%, (f£) 52°C plus 50 mM KCL.
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Figure N Reaction of Glyoxal With PM2. CCC DNA -

N .
" The reaction conditions were 10mM potassium phosphate pH 7.5,
1mM EDTA," 50% (v/v) ethanol, ~0.1M glyoxal, 0.9 A260 PM2 CCC DNA.\ '

At timed intervals aliquots were removed into the alkaline ethidium 7\.7\ ‘
mixture and the fluorescence measured. S - , LN

A_Reaction at 45°C
. AReaction at 37°C i
'@ Reaction at 37 C without ethanol
- OReaction at 45° C,after. heat
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| drastically, .1? teet the*rate of denaturation (Lines e, f). If the pH of
the reaction mixture is lowered from 7.5 (Line a) to 6.5 (Lines b, c)
the rate of denaturaﬂ!gwrdacreases. The reaction of glyoxal with
guanosine is also pH dependent and independent of ionic strength
(Broude,and Budowsky, 1971). At temperatures less than’45 C ,
denaturation is not observed; although reaction with glyoxal does
. occur. (see section on cross—linking) The reaction‘of A DNA with" | C

glyoxal has been used in conjunction with the fluorescence assay to

: develop a new method of DNA denaturation mapping which\is discussed

"~ in a later section.

In contrast, the reaction with PMZ CCC DNA at 37°C or 45 C,
when monitoredwby the fluorescence assay, shows an initially rapid
reaction with cessation of-fluorescence loss after about. 20 minutes.
The omission‘of the denaturant ethanol from ‘the reaction mixture ‘ JJ_
‘reduces the extent of fluorescence loss but does not change the type of
kinetics observed. In this respect glyoxal is a’ reagent that -acts »;
in a manner similar to formaldehyde or carbodiimide. 0

The introduction of superhelical turns into a closed circular.DNA
causes strain in the molecule which can be partially relieved by
unwinding the Watson-Crick duplex. A large negative—free energy (—AG )
is associated with the reaction of any reagent which further unwinds
the primary duplex and further relieves this torsional strain. Hedce,.
the initial rate of reaction of formaldehyde or carbodiimide or
glyoxal is rapid. If the duplex 1s locally denatured to an even’ _
greater extent, ' supertwists will be introduced into the molecule
:and the reaction rate will fall dramatically due to the +AG

|
associated with the introduction of superhelical turns (Bauer: andg o

N ) A
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Vinograd, l974). Ethidium also unwinds the duplex (unwinding angle

1s 26° per intercalated ethidium molecule, Wang, 1974b; ‘Pulleyblank

‘and Morgan, 1975). o o
Therefore,‘asﬁthe.reaction with'glyoxal proceeds less ethidium
»can intercalate and the observed fluorescence decreases.- Unwinding by

glyokal (due to reaction with glyoxal and local denaturation) in effect

mimics the action of ethidium. Controversy exists as to whether the

- partially unwound primary dupler contains true single—stranded regions

(presumably AT rich) Lebowitz et al interpreted the reacrion of
1ow concentrations of formaldehyde or methylmercuric hydroxide with ccc

DNA (but not the corresponding OC DNA) as evidence in favour of

.;bunpaired regions (Dean and Lebowitz, 1971 Beerman and LebOWitz, 1973)

'«fBeermen and Lebowitz further suggested that the increase‘in sedimenta-

tion rate observed during the initial binding of these reagents was

due to denaturation of hairpin loops (intrastrand hydrogen bonds)

' formed in the unpaired (i e. not normal Watson—Crick duplex) regions |

which allowed the formation of interstrand hydrogen bonds with a
resultant increase An the superhelix density resulting in an increased

sedimentation coefficient. However,_binding of low levels of ethidium

: alsovincreasedvthe sedimentation coefficient, an effect interpreted -as
\‘ ‘a stiffening of the molecule (Friefelder, 1971) ang
has disputed Lebowitz s evidence (Wang, 1974a) and the initial binding -
i studies of methylmercuric hydroxide to denatured calf thymus DNA upon

) which it is based His model predicts a highly twisted DNA with a

few disrupted\éase pairs (much less than the AZ - 72 of the molecule

predicted by Lebowitz) which may be susceptible to chemicals, due to

the large-—AG of! reaction as discusg\: above, and also susceptible

L
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to the "single—strand" specific endonucleases whichdhe_uses‘as probes;
"However, the use of such nucleases as.probes can be criticized on the
vgrounds that theirxsubstrate range is unkniyn. fSincerit isvnot possible‘
to systematically vary the conformation of DNA: from a’'B form duplex to
an extended single—stranded chain, one could argue that there are
regions in CCC DNA.which are unpaired but still not in a conformation
favourable for the endonuclease.' An intermediate hypothesis can be
proposed based largely on the hydrogen-exchange data of Teitelbaum and
Englander (1975a and b) which showed that linear. duplex DNA has
’O.lZ - 1.0% of its bases transiently.unpaired (i.e. able to exchange_
tritium for hydrogen) athany‘one time. They proposed that this number
- of nucleotides was-vnot a sunmation of singlevbases sticking'out into
vsolvent (which‘isventropically unfavourable and also due to loss of ~
staCking’interactionsfhas an unfa;ourable enthalpy) but most likely
is divided into a few large regions,.invwhich mdst_of‘thevstacking’
;sinteractions’are maintained One'can then postulate that the bases
in .a CCC DNA are not’ unpaired at all (although base pairing must be
: different with respect to the angles and distances .involved) but that
| ‘as the superhelix density increases the fraction of baseS'transiently
available to solvent increases as does the fraction of time spent
unpaired. THe reaction raffi with vardous chemicals would'then be
}inbreased due tocmore substrate being available and’subsequent reaction
dwould be facilitated due to the large -8G° of reaction as proposed by
Wang(l974a). fhe.ethidium effect could then be_rationalized as‘a ' |
stabilization of thejdupleX‘at the.expense of the open state which
would lead to a stiffening of . the molecule. vBothnthis model and the

 model of Wang predict an increased rate of hydrogen exchange as the



V'dangle of intercalated ethidium from studies on<the interaction of N—
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supsfhelix density increases but for different reasons. The model

presented’here, however, emphasifes thefdynamic properties of DNA
L T ‘ T - . _
molecules in solution. . . ' S o

J]
A

e . The reversibility'of'adduct formation is shown by,the constant

it

after heat\values wheén the alkaline ethidium'buffer is used (if the

°

adduct was.notjremoved during the heat step'the,after heat fluores— 9
cence should decline paralleling the before heat fluorescence

~decrease) This reversibility at high pHgandéthe comparison of these
.'results to those of Broude and - Budowsky (1971) also suggests that the
‘only~site of reaction under these conditions is'guanine.

Pulleyblank and Morgan (1975) have determined the sense of

naturally occurring‘superheliceS‘and deduced'a valhe-for'the.unwinding

cyclohexyl—N' B(&-methylmorpholinium) ethyl carbodiimide with,PMZ ccc
'DNA. The procedure is to relax derivatized PM2 by nicking and then

;after sealing with ligase to dederivatize the CCC DNA formed The

extent of adduct formation is related to the experimentally determined
superhelix density'from whidh a value for the ethidium unwinding angle ;‘
can‘he determined | A crucial feature is the need for a reversible

4 reagent Glyoxal reacts with PMZ cce DNA with’ kinetics similar to this .
:carbodiimide and adduct formation is reversible as . shown by the fluor-
escence assay.“Therefore, it may prove useful as a substitute for

the’ carbodiimide especially since the adduct formed is neutral The | . i
‘carbodiimide adduct has a positive charge fThed additional assumption,n
namely that the interaction between this adduct and ‘the ph09phate

' backbone is not-ordered;in,some‘manner (i;e.sthe entropically.favoured'

unwound conformation exists) so as ‘to introduce errors into the final. = -
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' valuechalculated,must be made. For this purpose radioactive glyonal

(presently not available) would be useful.

ﬁenaturation Mapping of A DNA . - _ -
| W'Inman; in l§66, wastthe first to introduce thettechnique of
partial denaturation mapping in order to provide informationvconcerning
~ DNA structure and function. The usual method of mapping involves
j.fixation of sites along the duplex which have been selectively
denatured (AT rich regions) by heat or pH with formaldehyde, followed
by visualization of the denatured sites by electron microscopy
(Inman'and Schnds,bl§74). | |
‘ The combination of heat denaturation, fixation with‘glyoxal
and monitorlng .of the reaction with the ethidium fluorescence assay
has been used to produce very good denaturation maps under a wide
variety of conditions and also to provide information about the
order of the'appearance of denatured regions. |
Undervpartial denaturation conditions; glyoxal reacts with
deoxyguanosine residUes in AT richbregions, preventing renaturation
and resulting in a‘fluoreSCence loss when the rate of denaturation
is measured by the fluorescence assay. As described before for
Figure 33, the extent of reaction is pH—dependent, temperature—
’dependent'and independent of the.concentration’of added KC1l up to
O.ZM.at which concentration DNA precipitation occurs., The main
S v
fadvantage of this technique is that set conditions are not required'
only that the reaction proceeds to the same fluorescence loss., |

Histograms compiled for A DNA at léékloss of fluorescence and

"30.5% 1oss of fluorescence are shown in Figure 35 with a micrograph



Figure 35 i Histograms of Partially Denatured A DNA

Histograms of A DNA at 17.0% loss of fluorescencé (A)_and 30.5%
loss of fluorescence (B). 41 and 31 molecules respectively were
‘ measured. ) : ' ‘ ‘ ‘
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Electpo”h Micrograph of a Représe‘ntativenk DNA
Molecule at 30.5% Loss of Fluorescence. -
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Figure 37  Histograms of Partially Depatuted A DNA

Denaturation was performed as described in Materials and Methods
and in text. Histograms were conmstructed from a preparation of ADNA
with a 15% loss of fluorescence. ' Only molecules with one or two

- denaturation loops were mapped. . The position of the peak in
histogram A. was ascertained from inspection of histograms B. and C
. with the assumption that this peak would be observed .at a constant
position in all three histograms. B : _ )
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"of a A molecule at‘QO.SZ loss'of fluorescence ahown in Figure 36 .

‘The positions of the peaka correspond ekaCtly to those published before
for A DNA. Schnasland Inman state that "thermal denaturation seems

to give-rise.to a higher bachground of random denatured sites" when
formaldehyde is used (Inman & Schnds, 1974), but this is not observed
uhen glyoxal is uaed, perhaps‘due'to the relative specificity of the
reagent. When two’ different preparations with the same fluorescence
loss are compared, the reproducibility is very good. Peaks II and
III of Figure>35 are identically positioned and Peak I has.shifted'
only from the 48.5% to‘AQ,SZ'length interval.‘.Also, the relative
proportions of molecules pith’bubbles at thoSevpositions are eimilar,
.which confirms the'reproducibility of the:fluorescence assay.

T It islposaible to deduce‘the order of appearance-of the
:'denatured regions by constructing histograms of molecules with only
:one‘or.two bubbles((Figure 37 ). If'only,molecules‘with one bubble .
are chosen‘(Figure 37a), then the first region of denaturation could
_occur'at either Positionhl or'Position II or both. However,‘histo—‘
érams-of molecules with t&o bubbles fall into two classes;_either
I or II together (Figure 37c)>or l and III together (Figure 37b);
This suggests that'Peakll appears first, then II and III with about
_equal probability and then as denaturatkon proceeds to 30. 5% loss
of fluorescence Peaks I and II coalesce; I11 denatures to the end
of the molecule producing a Y branch a#d Peaks v, v and VI appear. 3

The reaction of glyoxal with A DNA does not produce any gross
_1ength distortion, the average length of these" molecules being 14, Bu

~which is equivalent to the length of renatured A homoduplexes spread

under these conditions (Dr. D.G. Scraba, personal communication).

119
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One note.of‘cautioh‘is that glyoxal reacts with ethidium in the
assay mixture to'producé a fluorescent éompéund. -However, by using
a standard concentratién of glyoxal (0.1M) the fluofegéence mixture
becomes 0.05mM in gl&oxél and at this concent:atioh and at rp@m

v

température.the interference ié negligible for up to 15 minutes. Formalde-
; , . \ _
hyde reacts within 15 seconds;‘ Since normallywthe chcentratioq of
farmaldghyde'ﬁsedbis 10%(w/v)(33x fhe'cﬁncéntration of/ glyoxal used),
vthis interference makes use of ‘the fluorescénce éssay.difficult.

This teéhhiqug‘%ag two other potential applicatiOné. ‘Since fhe
denaturation and'glyoxal reaction is perfbrmed at neutral.pH,'it
should be possible to partialiy denature‘double—s;randed RNA molecules
for mapéing by this techﬁiqﬁe.- Secondly, both singie-strand RNA and ’
DNA have ordered secondary, structures i; benigﬁ féolutipn due to

in;ramolécﬁiar'hydrogen Bondihg. 'The'f1u0rescehpe of these regions

can be observed if an ethidium assay_mixture’cohtaining 5mM Tris HC1
o R | o | ’ | /
- pH 8.0, 0.5mM EDTA, 0.5ug/ml ethidium bromide is employed. Heat

/
y

treatment combined with glyoxal reaction can be used to systematically
~ remove these regions, analdgously to‘denaturation, and this reaction

.can be monitgred with the ethidium’éssay.

Cross—liﬁking of DNA By Glyoxal -

'Giyoxal wés-found to‘éross-link DNA under conditions similar ﬁo
 th§se,used'for dgnatufatipn But at ioﬁer temperaﬁurés such that Before
'heatjlosseé';f fluoieséence were not observed. Crosé—iinking wasg
monitored usiné the alkaline ethidium fluorescence aséay (see'ﬁatéfials
: an&antﬁods for é description‘bf this assay). (Appendix I deécribes‘

-

experiments’in which the alkylation and cross~linking of mitomycin C
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and chemically synthesized analogues of mitonycin C are studied using.
in part, this assay sYstem). " Figure 38 shows the cross-linking of -
A DNA at 45°C.v Once introduced, this cross-link is not‘removable by
dialysis.against 0.1N NaOH atvroom'temperatnre, although the glyoxal—
‘guanosine adduct sho;n in'Figure 31 decomposges readily. under these-
conditions. This situation is reminiscent'of the reaction'nf formal-
dehyde with DNA in that under conditions in which most of the
monoadduct is removed, some remains permanently bound (Grossman, 1968)
"PM2 superhelical DNA can also be cross—linked.with glyoxal. Since'
normally PM2 CCC DNAlgives 100% Teturn cf fluorescence, the introduct-
icn df a cross—linh‘nust.be>Shown'indirectly, by making use of the
factfthat‘exposure of DNA in the alkaline‘ethidinm.mixture to 'light
causes nicking of the molecule by a free radical mechanisn (Denniss
and Mbrgan, 1976). vaa supertwisted_molecnlevis nicked, then heat
denatured at pH 11.7, the tluorescencelfalls to 0. However, if cross-d.
linked the introduction‘of a single nick leaves a nucleus for :
”renaturatienband there will beua;comﬁlete return df'fluorescence}
As the length of exposure to 1ight increases, repeated cleavage
of the phosphodiester backbone leads to a loss of duplex regions after
the heat step, with subsequent'loss of flnorescence.‘ As more cross-
links ‘are introduced the length of exposure to light necessary.to
cause cleavages between the cross-links, and lgss of the single strands
: upon heat_denaturation, increases,, Thus the extent of cross—linking
can be related to.a decreased rate of after heat loss of fluorescence as
increased cross—linking protects against loss of duplex structure.j
éne example is shown'in-Figure 39 which shows a small butvdetectéble;

amount of cross-linking.



Figure -38 Cross—linking of A DNA With Glyoxal

A DNA at 1 A, . was incubated at 45°C with 0.05M glyoxal, as
described in Materials and Methods and cross-linking measured using
the alkaline .ethidium mixture.-
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Figure 39  ° Cross-linking of PM2 DNA With Glyoxal

'DNA -samples were pipetted into the alkaline ethidium buffer and
exposed to light for various times at room temperature. The after
_heat fluorescence values were read and normalized 'with the

zero time exposure’ equivalent to 1001.

A. Standard DNAs (o) PM2 cce DNA "

(a) A DNA cross—linked with glyoxal as per '

S Figure 38 to the ‘extent of 332

B. PM2 CCC DNA Was reacted with 50mM glyoxal at 37°C and
aliquots were remoVed into the alkaline ethidium buffer at various
times for exposure to light. Reaction with glyoxal for
ON minutes 3
(é) 30_minutes
" (@) 60 minutes
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Although;glyoxal can be shown to crbés—link DNA, the chemistryt
of the’ cross—link has not been investigated HoweVer theseﬁmay
be. analogous to the bis methylene étructures found with formaldehyde L .

N

(Feldman, 1967),_
iThe Separation of d(AT) from Py Pu DNAa
During the replication of synthetic DNAs with E. coli DNA
polymerase I the alternating copolymer d(AT) can arise de novo,“
. sequester the polymerizing system and essentially replace the original

template due to its high affinity for DNA polymerase ' These DNAa

become unusable as further templates due to the d(AT) contamination;>

) A technique has been developed which removes this contaminant by
combining the properties of glyoxal reaction with hydroxyapatiteo
chromatography.~
The rationale for this procedure is as follows: complete reaction"

'_,of a Py 'Pu DNA and d(AT) with.glyoxal modifies the a, ¢ and g

residues. Since‘the a and ¢ adducts are unstable, then dilution‘of _‘

the reaction minture results in renaturation of_d(AT)n but not the

Py ﬁ-‘?u 0 DNA since modification of g residues preventvthis
'renaturation, Hydronyapatite'chromatography is used to separate
'single—stranded DNA from double—stranded d(AT) by a batch—wiae

'.'procedure. Removal of the glyoxal adduct at pH 12 at a suitable ionic

- strength allows renaturation of the Py and Pu strands free of d(AT)

'(M‘

Results of separations of d(AT) from d(TC)n~d(GA)n, d(TTC)n'd(GAA)n

and d(TCC) d(GGA) are summarized in Table - 8 . Recoveries of the

'ﬂpy”h -Pu,' DNA are between 38% and 55%, with the recovery dropping as

¥ . .
the G+C content increases, which may reflect difficulties in removing



o Pyn.Pun DNAv ) | Z‘d(A':)n % Recovery » TM of Product
' d(TC)nfg(GA)n 24 46 B 67.0
d(TTC) -d(GAA)_ 29 56 | 58.0
‘d(TCC)n'd(VGG‘A)n' . 22 38 : 69.0
TABLE 8 ‘/" Separation of'd(AT) From Py °Pu DNAs

. J “’n n «n -

- 1. as determined by the neuttal‘ethidium fluorescehce assay.

O

2. determinedviﬁ ssc/1

| ' &
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the glyoxalAadduot. No d(AT)n.is present. 'This can be sbown by the.
fluorescence assay, the lack_of a hypercbromic-shift at the appropriate
temperature when the melting temperature is determined or the lack of
-d(AT) synthesis when'the isolatedw(Py)n!(Pu)n DNA is‘used as a'template
for DNA polymerase The recovered polymers show the expected buoyant
density shift when incubated at. low pH (multiplex formation) but

» have melting temperatures 1c® - 2C‘ lower than expected. This may be.
due t% imperfections in the helix if not all the gly0xal‘was removed
(but not enough adduct remaining to interfere with synthesis) or due‘

to thé lowered molecular weight of the material after glyoxal treat—
ment: This treatment does lower the sedimentation coeﬁficient of T7
ADNA under alkaline conditionﬁﬁshd?ﬁicks PM2 DNA as shown by the .

_fluorescence ‘assay.

Generally, this procedure has been most useful for the removal
of small amounts of d(AT)n before many%fold replication of the

appropriaté synthetic DNA.

. The Separation of the Strands of d(TC) d(GA)

The separation of d(TC) from d(GA) by alkaline buoyant density
gradients is not possible since the two strands have similar buoyant
densities. In order to obtain purified single strands for physical
studies, ‘indirect procedures must be adopted such as the derivitization
.of one or both strands, separation of the derivatized 'strands by some
physical technique and subsequent dederivatization.

The carbodiimide, N-cyclohexyl—N';B-(4smethylmorpholinium)ethyl
carbodiimide p- toluenesulfonate, has been used in combination with CsCl

equilibrium centrifugation to separate d(TC)n and d(GA) (Coulter et al,

“
a



127

-

1974). Complete derivatization with glyoxal followed by chromatography
on DEAE cellulose in the presence of borate buffer allows the isolation
‘of material that is of lonered‘molecular &eight, and that could not be
" isolated by any buoyant density techniquesdue‘to'band broadening. = .
\ Borate ion binds specifically to cis:diols and this binding has

been utilized to purify tRNA molecules on borate columns (Schott et al
1973). Since’ borate is known to stabilize the glyoxal—guanine adduct
f'(LitF’ 1969), Ve would expect that derivatized_d(GA)n would be retarded
by DEAE cellulose to a;greater’extent.than d(TC)n when.chromatographed
ﬂ.in'the presence of borate.buffer due to.the increased negative charge.
The‘separationvof d(TC) and d(GA) using this procedure is shown in
Figure 40 , Peak I is unreacted glyoxal and other reaction byproducts.
d('l‘(;)n is-eluted with a NaCl gradient in SOmM Tris borate pH 8.3,
.being recovered at 0, 45M NaCl. The binding of d(GA) is so strong

that salt concentrations up to 2.0M do not wash off this polymer (as : ﬁlg"
long as the- adduct is stable) and d(GA) is noturecogered until the |
pH is raised, in this case to pH 9.4 in the.presence'of'0.5M1NaCI.
- The tight binding of derivatized d(GA) to‘DEAE cellulose in the

presence of borate is evidence that favours the presence of a cis diol |
The separated strands were identitied by spectra, by the ability of Lj \'
d(TC)n.to_aCtkas a template_for‘r(GA)ﬁ synthesis wté&EE. coli RNA s
polymerase and by monitoring the separation of'3u and lécﬂcpm'when' -‘{L \\‘
the polymer d(TC) ( HC)d(GA) ( CA) was subjected to this treatment.
Recoveries were variable, with the best results being 417, recovery of - \S\\
the- dGA.strand and 38% recovery of the dTC strand As occurred with |

the separation of-d(AT)n from Py 0 Pu n DNAs dialysis of single-

‘stranded materials resulted in large losses as did irrevérsiblei



Figure 40 Separation of d(TC) and‘d(GA)

o By the Glyoxal/Borate
‘Method ' -

. Glyoxal derivatized d(TC) d(GA) (as in Materials and Methods)

- was chromatographed over DEAE cellulose in SOmM Tris borate pH 8. 3.

d(TC) (fraction ll) was eluted with a NaCl gradient in Tris borate,
~at 0.45M NaCl. d(GA)

NaOH at pH 9.4.

(fraction 38) was eluted with 0.5M NaCl 1mM
The, first peak is_unreacted glyoxal.
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absorution of material to the DEAE cellulose column., This method
should'also be applicable to other 'Py 0 Pu n DNAs. (See Materials . -

and Methods).

: In summary, glyoxal.can be a useful reagent for the study of

nucleic acid structure and in the preparative procedures described

Its interaction with polymers can be easily monitored by the‘various”
fluorescence procedures described and these should be extendable to
a wide variety of other chemical reagents. “The preparatiou“of
~radiolabelled glyoxal (preferebly 140 since an aldehydic proton
.-would be'eipected to exchange with solyent) would'greatly faciiitate
:quantitation of these reactions and.also serve,to standardize the

. fluorescence assay.



CHAPTER VII DISCUSSION

A-se;ies of chemical and,ohysicalrapproaches along with model
buildiné stadies have been used to try to determine the structure of
.the Pyn'Pun multiplexes; The most reasonable hypothesis is that these
are orderedratructureé containing base tetrads (tetraplexes).

Two 1mplicit as3umpt10ns upon whlch this work is based are,
flrstly, that there is a ¢ommon structuralbbasis for -all these rearranged
vDNAs_and, secondly; that ohly isomorphous sttuctures are involved. In
light of the data.ptesented, the first asSumption.seemslquite‘reasohable.‘
All the repeating_PYh-Pun‘DNAS‘(exCept d(T)n'd(A)n)‘show alloss ofh
fluoreecehce, increase in TM-and.inctease iﬁ buoyant densitf id C82504
when‘the_pH ie lowered.and reassume the'prooettiea,of the original.
ouplex when the pH,is subsequently:raieed to neotrality. The.secondv
assumptioh; while\intelleotually,Satisfying,}has oot béen'pf6ven.‘
necessary_forithe.consttuction of ordered po1ymerfsttuctute. ‘However,
‘every dupiex structure proposeo (deriVed from‘fibrefdifffaction studiee'
and from other phys1cal technlques) has incorporated this concept. into
_~1tS‘mode1 ‘An 1nteresting case-. is the structure of poly—2—thlour1—.'
'dylate (Mazumdar et al.,l974) in which the two polymer chalns are not
,equivalent but even iﬁ“this'case all tesidues in a given chaln are\
isomorphdus, as'ie the‘héSic tepeating'unit, the‘baSe pair..

Inqorder to'postulate:iglxiig roles for these structures an
additionai‘aesumption; that/one of"the bases (cytosine).canfrehainhl
ptotonatedvat ahout neutralupH, is necessary, In.light of t:he‘r:esultr:‘.-'~

of Morgan and Wells(1968) for d(Tc)n-d(GA)n:r(UCf)é which forms at pH

7.3 this assumption-seems reasonable. A restriction on ' possible

td
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in vivo roles is the requirement that the Watson-Crick purine.sttand
and Hoogsteen pyrimidinevstrand be parallel, both anti-parallel to the
Wat50n~Crick pyrimidine strand. - This would make a role in, for example,
recombination unlikely.: Howeyer, an involvement (permanently or
transiently)'in DNA folding is possible.
Analysis of Pyn;Pun DNAs in Drosophila (Sederoff gtlgl,,1975l
,shows repeats to be spaced @ intervals throughout the genome, most
1ihely,with polypyrimidines in the same‘strand. In mohse DNA (H.C.
Blrnb01m, unpublished) these are at 1ntervals of about 2500 base pairs
and inyerted i.e polypyrimidines alternate between the two DNA strands
'During folding of DroSophila DNA a rotation of 180° about the helix

1

axis is necessary to orieng the é& -Pun stretches properly resulting
. ‘

in & U~shaped structure, (Figure 41a). However, the folding of mouse
DNA would result in a looped structure (Figure Alb) While the
reduction in DNA length (packing ratlo) for the first case is 2:1
for the second case it is closer to 3:1_(note that this tyne of folding
now defines the polarity of the Second‘purine strand i.e. antiparallel }
to the Watson—Crick nurine strand) . o | | b

In summary the Pyn-Pun DNAs whlch we have studled(except d(T)q* d(A)n)
vform tetraplexes with the bases involved in both Watson Crick and Hoogsteen
hydrogen bonding(Figure 8')‘ Addltlonally if these structures are formed
by the coalescence of two duplexes then the Hoogsteen pyrlmldlne strand
is parallel to the Watson Crlck purine and ‘the second purlne strand
'must be antlparallel to the Watson Crick purlne.strand“

The conditions necessary for thls rearrangement are a lowered pH and
the presence‘of monovalent or dlvalent cat1ons(F1gure 15 ) ‘When any

/

Aof the Py, Pun DNAs whlch we have used are 1ncubated under these
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conditions the ability of ethidium bromide to intercalate betwéen the

bases is lost(Figure 15 ), the buoyant density in CSZSO4 increases

(Figure 16) and the- measured T increases dramatically(Figure 17)..

Experiments with Pyn-Pun DNAs labelled differentially in~dhe pyrimidine :

and purine strands(Figure 21) demonstrate'that the structure'formed

. I

: contains all the material originally present at neutral pH. Thus a unique

structure with physical properties different from the initial duplex is:

formed. “The similarity amongst - the changes observed for a variety of

these DNAs suggests a. common structural basis for all the multiplexes/
In order to 1nvestigate the structural bas1s for thé multiplex we

have proposed yarious models and then tried to differentiate between them

experimentally. Using this approach we were able to elimlnate models

which proposed the formation of Hoogsteen duplexes or the formation of

triplexes or a simple conformational_change. Essential to these |

‘interpretations was observation'of the reactions of the.site—specific

. ~ | . .

reagents formaldehyde, glyoxal andldimethyl sulfate. . ‘

By the process of elimination the tetraplex model is the most likely.

Two types of tetraplex are pos51ble(Figures 7 and 8) The cruc1al

feature which differentiates between them is the. preSence of .a protonated

cytOSine in the tetraplex 1nvolving Hoogsteen hydrogen bonding(Figure 8).
Protonation to th extent‘predicted by the model has been,confirmed

experimentally, how ver, numerous other observations also suggested that

l?i.e the: need for the lowered pH, the re—

‘the'multiplexcwas protonate
: quirement for GrCibasevpairs; the fact that only Py,-Pu, DNAsfformed
multiplexes;‘ | |

‘An X—rayvfibre diffraction study is in progress in'order to
confirm our hypothesis.' If validated ‘these structures become the first

E

“'experimentally characterized tetraplexes.
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APPENDIX 1

This section describes the-application‘of'ethidium bromidevfluor—
.escence technidues to studies of agents which aklylate and cross—-link
DNA, projects done in collaboration with Dr. J.W. Lown of the Depart—q
ment'of-Chemistry,fUniversity of Albertar

The first reprint describes the development of these techniques
’ and.their usefulness in studying the mechanism of action of the antineo-
plastic agent‘mitomycin C. This: compound alkylates and cross-links
DNA in reactions that are pH dependent implicating the azeridine moiety
fas the.primary aklylation site.. Accompanying these reactions is a-
free radical cleavage of DNA but‘no depurination‘ Although reduction
by NADH is’ thought essential‘for'in'gixg action, we have shown that at
Jow pH.cross—linking can occur in the absence‘of a reducing agent.

These studies have been extended in the second reprint‘to a series
of chemically synthesized model bisazeridinopyrrolidinoquinones which
'balso alkylate and cross~link DNA in pH dependent reactions. There seems
. a correlation'between the’extent and rate of'cross—linking and the in
‘vivo antineoplastic actlvity of some of these analogues which ‘may prove
useful as a preliminary screening step for these types of agefits.

;The “third paper discushes the use of the fluorescence assay to
measure'DNA alkylation.v The obseryation/of.a pHidependent recovery of
: fluorescence with aklylation by dimethyl sulfate has been compared ‘to
alkylatlon by mitomycin C (which does not show this behaviour) and
supports the hypothesis that mitomycin C does not aklylate the 7-position ;

of guanine.
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Studies related to antitumor antibioties. Part V. Reactions

. of mitomy;ih C. with DNA examined by ethidium fluorescence assay

.- v . /

J. WILLIAM LOWN AND ASHER BEGLEITER'
Department of Chemistry, University of Alberta,
Edmonton, Alberta T6G, 2E1

_, o ‘ “and
E{As Jo SON2 AND A. RICHARD MORGAN
Department of Bi chemistry, University of Alberta,
Edmonton, Alberta T6G 2E1

The cytotoxic action of the antitumor antibiotic mitomycin C occurs
primarily at the level of DNA. Using highly sensitive fluorescence
assays which depend on the enhancement of ethidium fluorescencé only
when it intercalates duplex regions of DNA, three aspects of mitomycin

denaturation step at alkaliné pH's. Under these conditions denatured
DNA gives. no fluorescence. The’ cross-linking was independently confirmed
by S; endonuclease .(EC 3.1.4. -) .digestion. At relatively high concen-
trations of mitomycin the suppression of ethidium fluorescence enhance-
ment was shown not to be due to depurination but rather to alkylation,

as a result of losses in potential inteércalation sites. A linear

‘relationship exists between binding ratio for mitomycin and loss of

fluorescence. The proport10na1 decrease in fluorescence with pH strongly

'suggests that the q;kylatfbn is due to the aziridine moiety of the anti-

biotic under these conditions. A parallel intrease in the rate and
overall efficiency of covalent cross-linking of DNA» with lower pH sug-
gests that the cross-linking event, to which the primary cyfotoxic action

- has been linked, occurs sequentially with alkylation by aziridine and -

then by carbamate. - Mitomycin C, reduced chemically, was shown to induce’

" single strand cleavage as well as monoalkylation and covalent cross- .

linking 'in PM2 covalently closed circular ‘DNA. The inhibition of this.
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i-C action on DNA have been studied:- (a) cross—linking events, (b) alkyla-
‘tion without necessarily cross-linking, and (c) strand breakage. Cross-
linking of DNA is determined by the return of fluorescence after a heat

cleavage by superoxide dismutase (EC 1.15.1.1) and catalase (EC 1.11.1.6)

and by free radical scavengers suggests that the degxadation of DNA ob- . .

served to accompany the cytotoxic action of mitomycin C is largely due
to the free radical 02*. In contrast to the behavior of the antibiotic

_ streptonigrin, mitomycin C does not inactivate the protective enzymes

superokide dismutase or catalase. Lastly, mitomycin C is able to cross-.

link DNA in the absence of reduction at pH 4. This is-consistent with

the_posthlated crdss-linking mechanisms.

INRCC Studentship holder 1970-1974.

Zuncc Studentship holder 1971 1975.
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Introduction
There 1is much evidence that indicates DNA as the cell component
most sensitivie to the attack of alkylating agents (1-4). Although bi-
functionality is not a Prerequisite for antineoplastic activity, the most
active agents are bifunctional. With respect. to cy otoxicity, the
greater effectiveness of antitumor agents of the bifunctional alkylating
class, including the clinically important mitomycir C (5-7), has-been’
attributed to |theip ability to cross k complementary strands of DNA
(8). Hitherto, cross—linking of DNA Wis been demonstrated by techniques
such as - cesium chloride density gradient centrifugation studies (7, 9).
" ‘and by the hyperchromicity of cross-ligked denaturéd DNA (10). " Using
these methods, cross-links introduced by nitrogen mustards (11) and mito-
mycin C (12, 13) have been reported. . We wished to apply the ethidium
fluorescence technique'(14)'tb study the interactions of antitumor agents
with nucleic acids. The fluorescence procedures complement existing
techniques but also have the distinct advantages .of sensitivity (typi-
cally 0.5 pg of DNA may be employed), simpligity, rapidity, and adapta-
bility, and lend themselves to an investigation of various aspects of
Anteractien of antibiotics with DNA (14-18).. We report here the exploita-
tion of this method to estimate (a) cross-linked DNA, also called CLC-
- DNA3, (b) alkylation of DNA, and (c) cleavage of CCC-DNA. The assay for

- detecting CLC-DNA is based upon the enhanced fluorescence observed for

.. ethidium bromide, which is bound to bihelical nucleic acids (14, 15, 19).
- We describe the application of this technique to a study of various ‘
aspects of the mechanism of ‘cytotoxic action of mitomycin C.

o It is considered that mitomycin C is subjected in vivo to an
initiai_NADH mediated reduction with a cellular reductase to the hydro- .
quinoﬁe with concomitant elimination of ‘the 9a-methoxy grouping to form
the reactive and unstable compound 2 (Scheme .1).. This has led to the
postulate that the lethal action of the mitomycin group of antibiotics
can be accounted for by the introductton of covalent cross-links between
complementary strands of DNA,?;hdé”preventing strand ‘separation during
-the semiconservative replicafion process (20-22). Weissbach has ‘demon-
strated alkylation-of nueleic aclds with radiocactively labelled mito-
mycin C (20). The exfgting'evidence‘impligﬁpes the carbamate and aziri-
-dine functions, so that the covalently linked complex is envisaged as
compound 3 (Scheme 1). The precise sites of binding on the DNA are still
under active investigation (23-26). B oo

Experimental

Materials

Ethidium bromide, calf thymus DNA, and a-amylase® powder were
purchased from Sigma Chemical Co., mitomycin C was from Calbiochem,

3CLC-DNA, covalently linked complementary-DNA; CCC-DNA, covalently
closed circular-DNA; SDS, sodium dodecyl sulfate;  OC, open circular?y
epr, electron paramagnetic resonance. -
: “a-AmylaSe, EC 3.2.1.1; superoxide dismutase, EC 1.15.1.1; catalase,
EC 1.11.1.6. | o :

B
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Sephadex G-100 superfine from Pharmacia, and DEAE .Cellulose from Whatman.
The A arid PM2 DNAs were prepared as before (15). Superoxide dismutase
was the gift of Dr. Alan Davison, and catalase was from Sigma Chemical Co.

Fluorescence AsSay for Detecting cLc3 Sequences ‘

All measurements were performed on a G.K. Turner and Associates
model 430 spectrofluorometer equipped with a cooling fan to reduce
fluctuations in the xenon lamp source. Wavelength calibration was per-
formed as described in the manual for the instrument. One centimeter
round cuvettes were used. The excitation wavelength was 525 nm and the
emission wavelength 600 nm. Medium sensitivity (x 100 scale) was generally
used and water was circulated between the cell compartment and a thermally
regulated bath at. 22°C. Small samples (5 - 20 ul) from reaction mixtures |
were .added. to 2 ml of the assay mixture, which was 20 mM potassium phos-
phate, pH 11.7, and 0.4 mM EDTA, with 0.5 ug of ethidium bromide per
millilitre. The instrument was blanked with the assay mixture.

The cross-linking assay was carried out as follows A 10 u] ali-
~quot. of the cross-linking reaction mixture was diluted in 2 ml of the
assay solution. The fluorescence of the diluted solution was measur d.
The solution was then heat denatured at 96°C for 2 min and equilibratpd
in a water bath at 22°C for 5 min. - The fluorescence of the solution’was
.again'measured. The ratio of the fluorescence after heating to the fluor-
escence before heating gave the extent of covalent cross-linking.

General Procedure for Determination of Cross-— linking of DNAs with Reduced
* Mitomycin C .

Reaction mixtures were buffered to the appropriate pH with acetate
at pH 4.5 or 5.0 or with potassium phosphate at| pH 6.0, 7.2, 8.7, or 10.3.
Mitomycin C was reduced in the cross-linking solutlons by an aqueous sol-
ution of sodium borohydride. Cross-linking reactions were carried out on
a scale of 40 - 100 pl. Reaction solutions contained approximately
1.2 Aygo equivalents of DNA, 0.05 M buffer, 0.6 x 1074, 1.2 x 104, 2.0 x
10-4, and 4.0 x 10~% M mitomycin C, and 1.3 x 103, 2.2 x 103, 3.1 x
10-3, and 5.3 x 10-3 M sodium borohydride. Ten microlitre samples were
removed at timed intervals and analyzed for‘extent of cross-linking by
the fluorometric assay described above. A control reaction mixture pre-
pared as above but containing no mitomycin was run with each experiment.
Assay of the control reaction showed that there was no cross-linking in
each case and that none of the components of the reaction mixture 1nter—
fered with the ethidium fluorescence.

Purification'and Fluorometric Assay_of Si-Endonuclease5

The S endonuclease was purified by the method of Vogt (27) with :ﬁﬁﬁ
the omission of the SP-Sephadex C-50 chromatography, the final step being:
Sephadex G-100 superfine chromatography in a buffer containing 30 mM
. sodium acetate, pH 4.5, 10 oM sodium chloride, 30 mM zinc sulfate, and

10% aqueous glycerol. The 'G-100 fraction on SDS polyacrylamide gel
‘electrophoresis (28) ‘gave one maJor protein band and one minor band and

Asgergillus nuclease S; (EC 3.1.4.-).
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b‘Cbt;elatibn of Loss of Fluorescence with'Binding Ratio

was essentially inactive on duplex DNA (see Results).  The standard S
endonuclease reaction mixture contained 30 mM sodium acetate, pH 4.5,
50 mM NaCl, 1 mM ZnSO4, and 2 Azep equivalents of heat denatured calf

thymus DNA, and was incubated at 45°C. ‘A 20 ul sample’of the reaction

mixture® was added to 2 ml.of ethidium bromide assay solution at pH 8
(5 mM Tris HC1, pH 8, 0.5 mM EDTA, and 0.5 ug of ‘ethidium bromide per
millilitre) Under these condltions, denatured DNA exists with 'about

50% of -its structure in short intramolecular duplex regions (14). ©On a

nucleotide residue basis, the fluorescence enhancement is 507 that of

native DNA, and this is lost on degradation with §; endonuclease. There-
fore in calculations on the extent of cross-linked DNA by the Sj- -assay,
“the DNA resistant to S) is taken to have twice the fluorescence enhance-
_ - ment per nucleotide residue of that which is degraded. - Due to the, slight
activity of the S; endonuclease preparation on duplex DNA, the kinetics

of degradation were always followed. After’ the initial very rapid de-

gradation of denatured DNA, the duplex/cross—linked DNA was very slowly

degraded.

Escherichia coli DNA which hgd been covalently cross-linked with

reduced mitomycin C was dialyzed -ovérnight at 4°C in 10 mM potassium
phosphate at pH 11.5 and. 0.1 mM EDTA, neutralized with 1.0 M Tris HC1,
pH 8 (final concentration, 25 mM), and heat denatured (5 min at 95°C).
_To-80 pl were added 20 pul 5x S; buffer, pH 4.3 (final pH, about 4.6).
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After removal of the first 10 ul sample, 1.5 U of purified S; endonuclease.

were added and the mixture was incubated at 45°C. - Samples (10 pl) were
added to the.pH 8 ethidium bromide solution (2 ml) and read as described:

previously. Heat denatured and native E. coli DNAs were incubated as
controls. . s ' : :

L

Reactions weré'éarrigd/out on a 600 ul scale.. Reaction solutiOns
~contained of 0.520 A, 20 equivalent of A DNA, 0.05 M buffer, 0, 1.2 x 1074

1.8 x 1074, 2.4 x 1074, 3.0 x 10-4, and 4.2 x_10~4 M mitomycin C, and

]
/

2.6 x 1073, 2.6 x 10-3 4.0 x 10—3 5.3 x 1073, 6.6 x 1073, and 9.2 x 10~ 3

M sodium borohydride. After 30 min the solutions were. assayed for loss

of before~heat fluorescence by the fluorometric assay described above.
Samples taken for radioactive counting in Aquasol were corrected for
mitomyc1n c quenching, :

Unbound mitomycin C was removed by dialysis vs. a mixture of 10 mM

potassium phosphate, .pH 11.7, and 0.1 mM EDTA.. Binding ratios.were deter—

mined by the procedure of Tomasz (26) except that nucleotide concentra-

tions were determined by radioactive counting. -The extinction coefficient

of the DNA at 314.nm was calculated from the control (mitomycin C con-

centration = 0) as 232: Extinction coefficients of 7000_fqr_DNA at 260

nm and of 111,000 for bound mitomycin at 314 nm were used.

- '
‘
I
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Initial ' | | Bound

monoalkylated DNA : monoalkylated
mitomycin C Loss of concentration Absorbance mitomycin C
‘concentration fluorescence after dialysis of complex concentration Binding

x 1074 () %), x 105 (M) at 314 mm x 1076 (M) ratio
0 o . 7.3} . 0.017 0 -
1.2 19 : 7.07 0.032. 1.42 50
1.8 ' 37 : 6.63: 0.037 1.97 34
2.4 © 58 7.03. 0.048 2.88 24
3.0 67 6.23 0.048 3.05 20
4.2 85 , 5.66 0.087 6.72

Binding of 'Ethidium Bromide to. DNA Covalently Cross~Linked and Mono-
alkylated with Mitomzcln C .

' DNA samples which had been treated with reduced mitomycin C were
dialyzed against a mixture of 10 -mM potassium phosphate, pH 11.7, and
0.1 mM EDTA. The percentage of CLC-DNA was determined by ethidium fluor-
escence before and after dialysis. ' The absorbance of the dialyzed DNA
was measured at 260 nm on a Gilford 2400 spectrophotometer. Ipcreasing
amounts of DNA were added to an ethidium bromide solution, pH 8.0, and the
fluorescence per unit increment in OD2gg was calculated vs. a- known amount
of DNA as standard.

General Procedure for the Determination of Cleavgge of PM2 CCC—DNA with
Mitomycin C ' E » ‘

' Reaction mixtures contained 100 ug of mitomycin C per millilitre
(0.3 mM), 200 ug of sodium borohydride per millilitre (5.3 mM), PM2 DNA
"at 1.12 Ajygg equivalents, and 50 mM potassium phosphate, pH 7.2. Fifteen
microlitre sampleés were analyzed by ethidium fluorescence at pH 11.7, as
above. Control experiments without mifomycin C showed a 75% return of
fluorescence after heating (identical for DNA alone)., indicating that the
PM2 DNA was nicked to the extent of about 20% (14)(CCC—DNA gives a 30%
increase in fluorescence on nicking) '

s

‘General Procedure for Determlning Covalent Cross-linkigg,of DNAS of
Different G + C Content by Activated Mlto;yc1n C :

, The DNAs used were E. coli (mol. wt., 14.8 x lO6 G + C content,
vSOZ), calf thymus (mol. wt., 10 x 106, G + C content, 40%), Clostridium
perfringens (mol. wt., 1l.4 x 106 ,. G + C content, 30%). The comp051t10n

‘of -the final reaction mixture was DNA at '1.20 A,gg equivalents, 50 mM
potassium phosphate, pH 7.2, mitomycin C, 0.6 x 104 or 3.0 x 10~ ~4 M and
sodium borohydride, 1.3 x 107" or 6.6 x 10~ 3 M, respectively Reactions
were run at@@mbient temperature and aliquots were.removed at timed in-
tervals and analyzed for the extent of covalent cross—linkgng by the pH
11.8 ethidium assay described above. .

[



Control Experimentg,for Possible Inactivation of Catalase and Supgr-
oxide Dismutase by Mitomycin C B

‘ A solution containing mitomycin C at 0.3 x 10‘4 M- and sodium
borohydride at 0.5 x 10-3 M in pH 7 phosphate buffer was incubated with
catalase at 4 x 10‘8 M atr 0°C for 1 h. Two millilitres of this solution
were added to Hy0y to  obtain a final volume of 10 ml, 20 mM in H05.

The decomposition -of Hy0, at 0°C was’ determined by analysis of 1-ml
samples which were made up to 50 ml containing 1% sulfuric acid. - To
0.5 ml of this solution wag added successively 1M potassium iodide
(0.5 ml), 1 mM ‘acidiffed ammo 1ium molybdate solutlon (0.5 ml), and 2%
~starch solution (0.25 ml), in'a total volume of 10 ml, The absorbance
“at 580 nm .of . the resulting blue solution is shOWn in F1g 6. '

» \"

% . The effect of mitomycin C on superoxide dismutase was tested by

incubating 1.5 x 107 M superoxide dismutase with 0.3 x 104 M mitomycin

T C and 0.5 x 10"3 M sodium borohydride in phosphate buffer at pH 7.8 at

room temperature. for 1 h. -Then 0.5 ml of this solution was added to a’
solution containing finally, in 5 ml, 0.1 oM xanthine, 0.1 mM EDTA, and

2 x 1073 M cytochrome ¢,  The absorbance at 550 nm on addition of xanthi ne
oxidase (final concentration, 5 ng/ml) was’ followed.

Results

. Detection of Covalent Cross-linking of DNA bx Mitomycin C by the
Ethidium Fluorescence Assay

Covalent cross-linking of A-phage DNA occurred on incubating the
DNA with reduced mitomycin C in a phosphate buffer at pH 7.2 at 22°C
in the presence of sodium borohydride. Aliquots were withdrawn at in-
tervals and the extent-and progress of covalent cross-linking determined
by the ethidium fluorescence assay. To measure cross-linklng, A DNA was
heat denatured apd cooled in the presence of ethidium. Under these con-
“ditions separable strands do not reanneal, and only. cc? sequences can
anneal to give ethidium fluorescence enhancement, the induced cross-link
serving as a nucleation point for rapid renaturation. Temperature jump
studies-have shown that once such a nucleation p&;nt is present, the
propagation of the helix proceeds at 107 - 108 base pairs per second (29).
The high pH of the assay is to prevent quptaneous formation of short
-intrastrand bihelical structures after heating and. cooling of the indi-
vidual separated strands of DNA. Such.structures are thermally unstable

~when compared-to those formed with CLC~-DNA and are due to a certain

degree of self-complementarity within strands of naturally occurring DNAs
(14, 15). The results of the new technique of fluorescence enhancement
are therefore in accord with the demonstration of the cross-linking of
DNA by mitomycin. C by Iyer and.Szﬁbalski (21) and by others : 2, 13, 25,
30). This correspondence was deemed desirable before the more sophisti-
Cated application of the technique to strand'cleavage described below

Confirmation of Covalent Cross—linking of DNA by Mitomycin C Employing
an S) Endonuclease Assay

To confirm ‘that the fluorescence enhancement assay-procedure

5 . <
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detects the formation of CLC DNA form k Ehémicaitcross-
linking event, experiments were performed with thé ) e~81 endogq&Leése
This spgcifically cleaves single stranded DNA (23) and 15“‘ sgengd ally: \%,ym
inactif® on duplex DNA (24). Since the time for the S) en GnucléaSe N N
digestion is long enough to allow renaturation of denatured ‘A DNAY - xc
Escherichia coli DNA was used, which has a suitable Cgt values - The DNA

treated with mitomycin C and sodium borohydride was dialyzed to: remove 2
excess inorganic ‘salts and decomposed mitomycin C before treatment with - VEV
the enzyme. The results, summarized in Table 1, copfirm the.formation S
of covalent cross-links with the antitumor agent. The incomplete cross- )
linking with E. coli DNA as compared with T7 (14) or. A DNA is probably a
result of the much lower molecular weight of the E. coli DNA. There is "
good correlation between the fluorescence assay and the endonuclease

assay. The fluorescence assay is normally carried out directly on the o
reaction solution.” During dialysis there is no strand scission due' to ;
alkylation since-the percentage of CLC~DNA is unaffected.

Table 1. 'Comparison of the cross-linking of E. coli DNA assdyed |,
by ethidium fluorescence and S; endonuclease sensitivity

Run No.? _ .
1 2 3

Assay Cross—linked, %

Ethidium fluorescence o ‘ »:
» Before dialysis ' 3% 48 . 61
. After dialysis - S 39 o1 : 60

S; endonuclease L : A - . S
After dialysis - C .32 .51, . 44

aRuns 1, 2 and 3 contained 0. 06 0.15 and 0.2 oM mitomycin C .re-
, spectively, ‘with a constant. molar. ratio of sodlum borohydride to
*mitomycin of 96:1. " - : :

Detection of Monoalkylation without Concomitant DeQurination durlng

the’ Treatment of DNA with, Activated Mitomycin C

At low levels of mitomycin C the fluorescence enhancement before
heating to detect CLC-DNA was ynaffected since the amount of DNA chemi-
cally modified was insignificant compared with the number of ethidium
intercalation sites. However, as the level of mitomycin was increased,
a progressive decrease in the fluorescence was observed. Figure 1 and
Table 2 indicate the extent. of fluorescence loss with increasing mito- ‘
mycin concentration. Three explanations seemed plausible: (a) alkyla-
tion of the DNA bases reducing the number of permitted ethidium inter-
calation sites either by steric hindrance or charge repulsion due to the .
positive charge on ethidium and on alkylated guanines;. (b) alkylation
followed by depurination or depyrimidation destroying intercalation
sites; (c) cleavage and degradation of the DNA by reactive free radi-
cals paralleling the action of the antitumor quinone-containing drug '
streptonigrin (31). There is evidence in the literature that mitomycin

C degrades DNA as well as inducing cross%links,(BZ, 33). The following

.
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aThe molar ratio of mitomycln C to sodium borohydride was' 1 @6
in all experiments. C ‘

o

'experiments ‘enabled us to distinguish betwaen these various possibilities.
- ~P0¢nts b .and ¢ were tested simply by using a. labelled synthetic DNA, poly ... ..°~
+ (d6-dc) with T4C-labelled G and 3H-labelled C. The labelled polynueleg— " * '

tide was incubated with progressively increaging concentrations of mlto—;ﬂl§“~"

mygin C in parallel with E. coli DNA._ ‘There was. a progressive decrease

in the ethidium fluorescence. Using an acid insolubility assay, the
results in Table 2 show that there is’ no 1oss of “soluble: radioact1v1ty

and that the ratio of 3H to’ l4c counts is essentially ‘canstant - under - v
conditions in which increasing concentrations of. mitomyc1n produce 16 1 -
79.6% reduetioti in ethidium fluorescence. "This confirms that there ‘has -
been no detectable loss of elther purine or pyrimidine ‘bases as a result -f
of. monoalkylatidn and excludes <. '

p
B
-
-
~
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‘Fig. 1. - The pH dependence of
-alkylation of DNA by reduced mito-
mycin C. The redctions were at
-22°C in 50 mM phosphate at the
1 . appropriate. pHvand'with A DNA at’

1.2 Aygp equivalents. The mito-
mycin C- concentratlons were 0.6 x
10~4, 1.2 x 1074, 2.0 x 1074, and
7 4.0 x 1074 M and the sodium boro—

&8 8 8
Y T T
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LOSS OF FLUORESCENCE,% - .
5 &

st {1 hydride 1.3 x 1073, 2.2 x 10-3

' 3.1 x 10-3, and 5.3 x 10-3. M for
IR ’ the symbols o, +, 4, and O, re-

ot 4 spectively




‘ The extent of binding for bprogressively increasing amounts of -
miquycin-was determined by a modification of the Procedure of Tomasz
'-(26b‘by UV absorbance of the drug-DNA complex at 314 nm. The coneen-
trations of the 3H-labelled pNa before and after dialysis were deter-
- mined: by counting. It may be seen from Fig. 2 that there is a linear
relétionship betwéenvloss of fluorescence and mitomycin binding ratios
over an extensive range:- _— S

2
I R

=
-0

(o]

S - S -
a

T

LOSS OF FLUORESCENCE. ¥,
4_;8~14

4 “Fig. 2. Dependence of binding
. ratio between mitomycin ¢ and
4  DNA on loss of before~hedt flou-

W
[

rescence. R
N v

0 10 20 30 a5 S0 60 - e G
L BINDING RATIO. e
(mole of ‘nucleobde per mole of mitomycin) SR

fering with the fluorescenge assay, the DNA was treated with reduced mito-
mycin C-to varying extents such- that the fluorescence_drop varied betyeen
0 and 75%." The DNA was then dialyzed as escribed in Methods ang the
fluorescénce per absorbance7unitvwas deteﬁmined;‘ It was shown .that the
fluotescgnce enhancement was linearly related to the amount of absorbance
added” for a given dialyzed sample, and that the ratio of fluorescence to
Aze0 units varied from an arbitrary value of 1 for DNA showing no fluo-
rescence drop tq 0.18 for DNA showing a 75% fluorescence drop. For
Intermédiate values there wag almost a linear relationship. 1I¢ 1s evi-

DNA. = .Iyer and Szybalski (21) found that only about one in. five to ten
antibiotid bound molecules formed &ro%s~links,.the others being attached
to one strand mostly by monoalkylation (cf. also Ref. 34).  Therefore
using the Tluoréscenc?;prOCedure, the Qecrease in the befOre—heating
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fluorescence value may now be employed as a measure predomlnantly of
monoalkylation, which prevents ethidium binding by the mechanlsm
detailed in a above. —

It may be seen from Fig. 1 that for 'a given pH valué there is
rogressive loss of -fluorescence with increasing concentration of
. civated mitomycin C, confirming the detection of increasing proportlons
of 41kylatlon accompanying covalent cross-linking of DNA.
Q\‘F\
pH Dependence of Cross—linkingﬁand Monoalkzlatlon of DNA by Mitomycin c
and the Sequence of Covalent Cross llnklng :

It is signlficant that the decrease in fluorescence due to mito-
~mycin C is strongly pH dependent with lower pH favorlng more rapid
alkylation. This strongly suggests that under these conditions the
aziridine. function alkylate -the bases ‘of DNA first. This conclusion is
in’ agreement with previous results in which the product after treatment
of mitomycin C with a reducing agent followed by secondary rearrangement
“‘and then subjected to reoxidatlon corresponded to-the structure in which
the aziridine ring was opened (4, Scheme 1). The preparation and pro-
perties of compound 4 have been . described (35 - 38). The.dependence of -
the rate of ‘induced. covalent cross-linking on pH was determined, as
shown in Fig. 3. The trend toward more efficient covalent cross- llnking
_ with lower pH-is clear. The results, which parallel thosg obtained foq%
" monoalkylation, again suggest that the first event in cross-linking 1s 4
* die to attack by the acid sensitive aziridine moiety under these ééndl-‘ﬁ
tions. Since tumor cells tend to have a lower pH as well as a more =
- reducing environment, these factors could lead to selectlvity of dction
(39) 7 BN J

100
95 | <4
0} e 1
ast _ 'Fig. 3. The pH dependence of -
3 |+~ cross-linking DNA by reduced mito-
.g'°' .'} .mycin C. The conditlons wef@ as
Yt B b >gescribed unde’r Fig. 1 but the’ t:ﬁ‘
30 " “f” fluorescence values were obtained -
Tar b ‘after heating the DNA-ethidium
vgb’_ | mixture (Methods). The mitomycin
, N , v " C concentrations were 0.6 x 1074,
wp g ‘ . 1.2 x 1074, and 2.0 x 1074 M, and
" , - : ' o the-sodium borohydride 1.3 x 1073,
o R . ] 2.2 x 10~3, and 3.1 x 1073 M for
b e the symbols e, o© and +, respec-
] 4 ] 6 . 79'," [ 9 o N 12 tively.
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Dependence of Eff1c1ency of Covalent Cross~tﬁnking of DNA bx_Mitomycin

C on G + C Content of DNA

]
, " We applied the ethidlum fluorescence assay to detect covalent
cross-links and monoalkylatlon in three natural DNAs of different G + C

- dontent, Closirldlﬁm perfringens (30%), calf thymus (40%), and E. coli

(50%). The’ CrOSSﬂllnking efficiencies are not strictly comparable
because of slight differences in average molecular weights as determined
by sedimentation veloc1ties Since only one cross-link per DNA is suf-
ficient to produce rapid renaturation after coollng regardless of the
length of the pol&nucleotlde, DNAs of ‘lgwer molecular weight require.
more cross-linking events on a nucleotide residue basis to obtain the
same percentage of cross-linked DNA. Assuming a Poisson's distribution
of the links, and further, that one link is sufficient to permit the

eg taneous renaturatign of the molecule, the average number of cross-
links per molecule was. estimated (m = 1n(1/Pg), in whieh P is the pro-

’portion of the molecules unlinked) to be 0.54, 0.92 and 1.27 for the

for mitomycin crosg—=linking -{5).

- three DNAs at a mltomycln concentration of 3.0 x 1074 M, and 0.08, 0.29
‘and 0.46 at a mitofiycin concentration-of 0.6 x 1074 M. These values

are closely comparable with similar estimates made by Iyer and Szybalski

.

The Mechanism of DNA Degradation by Mito;ycin C

§

Mitomycin C has been observed to,cause DNA degradation (32 33),

3 which acccempanies covalent cross-linking, hitherto this had been con-/

sidered to be due largely to the activation of intracellular  deoxyribo-

Anuuleases (40, 41). To determine if mitomycin C also induces single

strand cleavage of DNA, in common with streptonigrin (42 and references °

'therein), in the course of its cytotoxic action, experiments were per-

formed with CCC-DNA derfived from PM2 bacteriophage.  The amount of
ethidium taken up by CCC-DNA is restricted because of topological con-
straints. If one or more single strand nicks areﬂinduced %y chemical
means, this results in a release of topological constralnts and the 0C
form permits the intercalation of more ethidium with an increase in the

‘observed fluorescence for PM2 DNA of about 30% (14). Upon heating anq
' cooling, the OC~DNA is dematured (in contrast to CCC-DNA) into one .
.circular single strand and one linear.single strand which do not bind

ethidium at pH's >11.5, and the fluorescence falls to zero. The results

. of various treatments on CCC- and OC-DNA are shown in Fig. 4. Assay

£oy.strand scission in DNA using CCC-DNA is complicated by concomitant
ngés—linking and also alkylation. However, neither of these latter
reactions can give rise to an increase in fluorescence, which ¢an be
accounted for’ only by nicking CCC-DNA. However, the loss of fluorescence
normally observed on heating ‘the nicked DNA is not observed due to cross-

‘1inking.. Indeed, the OC-DNA originally contaminating the CCC-DNA’ (75%

return of fluorescence after heat treatment) appears as CLC-DNA since
at early times there is 100% return of fluorescence after heating. It
was shown in a control experiment that sodium borohydride is without
effect on PM2 CCC-DNA. The results, which are summarized in Fig. 5,
confirm”that mitomycin C when reductively activated does induce single

‘ . strand cleavage of DNA, as shown by the rise in fluorescence. This was
. independently confirmed by sedimentation velocity studies in which the
“compact CCC-DNA (520 w = 30) was converted to material with a
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'sion of PM2 CCC-DNA by mitomycin

c.

Reactions were carried out at

ambient temperature in phosphate

buffer, pH 7.2, containing 1.13

ditional components:

mycin C 3.0 x 104 M, sodium

borohydride 5.3 x 10-3'M, isopro-"

pyl.alcohol 2.5 x 10-1 M; (4)

Ad-

mitomycin C 3.0 x 10-4 M, sodium
borohydride 5.3 x 10~3 M, ‘sodium

benzoate 5.0 x 10 2 M;
myein C 3. 0 x
catalase

(o) mito-
10™4 M, sodlum boro—

assay mi

"ethidium.

therefor

sediment

strand cleavage may be retarded by catalase or by a combinat

xture due to unwinding
The supertwists are no
e.indioatednwx

ation rate of OC-DNA (ﬁéo,w =

hydride 5.3 x

471 %

3.0 %

5.3.%

M, su
10-5 M

1074

0-3 M,
x 1079 M

1074
10-3

23).

M, sodium borohydride
M; - (@) control.

1073 N,
10~6 M (®) mitomycin C
10~4 M, sodium borohydride
10-3 M, catalase 4.1 x 10°6

peroxlde dismutase 6.1 x

(#*) mitomycin C 3.0 x

M, sodium borohydride 5.3 x
superoxide dismutase 3.0
M; (x) mitomycin C 3.0 x

5.3 x

L

[

r |
The induction of gingle

of cata-

lase and superoxide dismutase or by free radical scavengers such as iso-

propyl alcohol or sodium benzoate (see Fig. 5).

This suggests a mechanism

of cleavage similar to that operating for reduced streptonigrin, in which
cleavage of the PM2 CCC-~ DNA is induced by hydroxyl radicals as follows

,(31):

Hitomycin c + NaBHq-—-* Mitomycin C Hy AP
Mitomycin € Hp +, 0p — Mitomycin ¢ H + 'HO,"

: Hof w— gt 4+ 0,7

2HO7" == H202 + 02

02" + H20p —+ HO’

+

HO™ + 09
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This scheme requires the intermediacy of the semiquinone of mitomycin C
which in contrast to that of streptonigrin must have a very short life-
time since, unlike the latter, it has not been detected by epr in vivo
or in vitro, (42). Recent electroanalytical data give an estimated life-
time of mitomycin C semiquinone of ~i0 s (43). 1In contrast to strepto-
nigrin (44), mitomycin C did not irnactivate the action of the enzymes

catalase (see Fig. 6), nor superoxide dismutase (see Fig. 7).

Fig. 6. Control experiments

- for inactivation of catalase de-

4 composition of H207. Reactions
were carried out-at 0°C in a total
volume of 10 ml, buffered at pH
7.0 by 0.06 Mp’ééassim phosphate,

“and containing 0.02 M H202 and 8
x 1079 M catalase. Additional
components: (%) mi¢omycin C 6.0
X 10'615,‘(A)'sodium borohydride
1.1 x 1074. M, (o) mitomycin C 6.0

= x 10-6 M and sodium borohydride

1.1 x 1074 M. . *

- Q4

[=]
LA

ABSORBANCE, 580 nm
(=]

01

}' - L . 'F1¥. 7. Control experiments
Hﬂjii ﬁ —43 ;5 60 70 80, " for inactivation of superoxide
’ MRE (min)” LD . diswmutase action on the reduction
o R, of cytochrome c. Reactions were fif
‘" carried oyt at 25°C in a total &
" volume of 3.5 ml; buffered at pH '
7.8 by -0;05#:potassium phosphate
and containihg 104 M EDTA, 10-4
M xanthine, afid 2 x 103 M cyto-
chrome ¢, and iﬁitiated“ﬁy?;he
addition of 100 ul of a solution W
of xaﬁthine,oxidase (0.18 Lg/ml).
Additional components: - (o) super-
oxide dismutase 1.5 x 10-8 M}
(o) mitomycin C 3.9 x 10-6 M,
/ superoxide dismutase 1.5 x 10-8 M;
 (x) mitomycin.C 3.0 x 10-6 M, .
sodium borohydride 5.3 x 10-5 M,
superoxide dismutase 1.5 x 10~3 M;
(V) sodium borohydride 5.3 x 10-5
‘M, superoxide ‘dismutase 1.5 x
- 10-8 M; (A) mitomycin C 3.0 x .
10-6 M, sodium borohydride 5.3 x
10-5 M; (0) mitomycin C 3.0 x
. 106 M. } I
0 I 10 15 8 ‘
TIME {min) . o

06 ‘
\‘.ﬂ‘
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Cross-linking by Mitomycin C without Reduction o

A}

As shown in Scheme 1, the reduction of mitomycin C is thought to ' '%%
activate the aziridine ring by promoting the elimination of methanol (5). at
The aziridine ring is then more readily attacked by nucleophiles on the
DNA. .However, lowering the pH alone was found to be sufficient to pro-
mote alkylation by the aziridine ring followed by cross-linking via the
carbamate. . Freese and Cashel have demonstrated that treatment of DNA
with low pH conditions can induce covalent cross-1ffiks (45); however,
careful controls showed that under the conditions of the.present experi-
ment no acid-promoted cross-linking was significant. Figure 8 shows the i
kinetics of cross-linking in the absence of borohydride. Cross~linking éﬁ
is considerably slower ‘than in the presence of reducing agent but it
does not have to bg reduced even witHin the cell for cross-linking to
occur. A curve obtained 96r T7 DNA was almost identical .with that for
A DNA.

/

. ’ o) f

o . T . - OH
“,0CH, () _NADH,

(2)--CH,OH

SCHEME 1 " The chemical transg fbns of diitomycin C involved in
enzymatic reduction and covalent attachment to DNA. . oo J

“w o  Fig. 8. - The cross—linking of
j ! T A T j»;ﬁj " XDNA by mitomycin C without reduc-
.7 _1¢ ‘tion. The reaction mixture con- °
tained A at 0.7 Azgg equiva-
. o " lents, W#'mM sodium acetate,.pH 4,
e o P and 3.0, aglO‘a M, wftomycify C, at
1. y | - 22°C. Samples of 15 ul were added
0F L f , Sod to the alkaline ethidium assay
. : ' “fiixtures and the’ percentage of
-/ : & 1~ cross-linked DNA was equated with
‘ ‘ the percentage of fluorescence
o . E remaining-after .the heat step.
R ‘ Under these donditions the fluo-
‘ rescence remained constant aftex

-

o
T
L

CROSS - LINKED DNA, %

-

-]
PR
1

. ) . . ‘ " heating. (e) Control experiment
o c0 0 30 at pH 4 with no mitomycin.
TIME (min) : C
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'ggnclusion - .r

The fluorescence techniques we describe can be used with suitable
DNA substrates to 1nvestigate the" cross linkﬂng, alkylation, and strand
breakage of DNA conveniently and rapidly.‘ There are many possibilities

. for.the study of antibiotlcs which interact with DNA. So far, because

of the high sensitivity of fluorescence, the large dilution into the
assay mixture has not; et resulted in any reaction component interfering
with the fluorescenceﬁ The only precaution is that ethidium itself will
cleave DNA slowly (data f Morgan), requiring both light and oxygen.
Therefore it is recommend that the samples assayed by read ‘immediately
or be kept in the dark. App tions of this technique in studying the
action of other clinically useful synthetlc and natural antitumor agents
will be reported. :
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'Studies Related to Antitumor Antibiotics. Part VI. Correlation

qf Covalent Cross-linking of DNA by:BifunctibnaliAziridinoquinones"

“with their Antineoglaétic Activity

M. HUMAYOUN AKHTAR,! ASHER BEGLEITER,2 DOUGLAS JOHNSON, 3.
J. WILLIAM LOWN, LARRY McLAUGHLIN,“ AND SOO-KHOON SIM®
Departments of Chemistry and Biochemistry, University of Alberta,-
' Edmonton, Alberta T6G 2G2 I

Certain bisaziridinopyrrolidinoquinone analogs, which contain the
structural moieties essential for physiological activity in the parent
antitumor agent mitomycin C, have been synthesized. These compounds
efficiently induce covalent cross—links in DNA as shown by the ethidium
o fluorescehcé ssay which was confirmed by an independent Sj; endonuclease

assay. The i teraction of clinically active and structurally related
- antitumor aziridinoquinones with DNA have been examined similarly. _The =
aziridihoqu;ndneﬁﬁq:oss-link DNA effictently with a marked pH dependence.
_..Parallel debenden@é ig observed on pH and concentration of alkylating

Y “gpecies 'in the concomitant alkylation which does not result in cross-

linging,as measured by the suppression of the before heat fluorescence.

The latter phenﬁggﬁon was shown by the application of radiolabelled

polynucleates not -ty be accompanied by depurination. A direct correla-

tion exists betwkty the extent of covalent cross-linking and (G +C) =
content of varlous BNA's of comparable molecular weight as in the case
of mitomycin C. ¥stimates of the average number of cross-1links per 'DNA
molecule range frem .61 to 1.71 depending on (G + C) content. The rate

-~(of'acid.assisted opeting of a model aziridinoquinone measured spectro-.

" photometrically at different pH values parallels the observed rate of
.covalent cross-linking and alkylation. It was shown independently that
the intermediate 2,5 ;®(2~acétoxyﬁthylamino)—3;6-dimethoxy—l,4-benz0f ;

" quinone does not crog-link DNA. A correlation is made of antineoplastic
“activity against a v‘é&éty‘df tumors with covalent cross—linking ability
us ing : A—DNA " - \\\ 4\ : . ’

R L

. Introduction

In the alkylating class of,antitquf antibiotics the most effective

7

¢
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are bifunctional including many chemically important agents such as mito-
mycin C and synthetic agents e.g. Trenimon (la). There is much evidence
to indicate that DNA is the cell component most sensitive to the attack
of such agents (2). As we described in Part V of this series ‘the method
of fluorescence enhancement employing the intercalative trypanocidal

dye ethidium bromide which specifically detects double stranded DNA is
‘a convenient procedure for inveqtlgating many aspects of the interaction
of alkylating agents with the cell's genetic material (3). . We descrlbe
the application of this technique to a ,study of the rate, extent, geo-
metrical, substituent, and purine base specific1ty requirements for the
' covalent cross-linking of polynucleates, and attempt to correlate such
factors with 'their antineoplastic properties.

Resdlts and Discussion

Synthesis of Analogf of Mitomycin C which Covalently Cross—link DNA

R u%, In their studies on the mode of action of mitomycin c, l Szybalski
and Iyer (4) showed that the rate of cell death correlated well with the
degree of DNA cross-linking and have calculated that one cross-link per
genome is suffiicient to cause cell death. An examination of the litera-
ture of cancer chemotherapy reveals that many effective bifunctional
agents have quite widely different geometries (1la). To examine further
the characteristics of cross-~linking of DNA with a view ultimately of
establishing a rapid and convenient screen for potential antitumor
agents, we sought initially a.group of analogs of mitomycin C. Despite
intensive and ongoing- efforts by several groups of workers, mitomycin C-
has not as yet yielded to a total synthesis (5). There is also interest
in chemically modified forms of mitomycin C (5h). We have prepared a
group. of analogs which possess what are regarded as the essential struc-
tural moieties for physiological act1v1ty, i.e. e. the bisaziridinopyrroli-
dinoquinones,‘g. W
The rationale is that compounds 2 retain the reactive aziridine
"and carbamate functions which separately have been shown to alkylate DNA
~(1b, 6). The distance between the two potential aziridine alkylating
centers in 2 is comparable with that of the clinically useful 2,5-
diaziridinoquinones (1). In addition, the greater conformational flexi-
.b&dity between thé alkylating centers of 2 with the concomltant increase
in the number of possible alkylating sites on DNA may compensate for the
reduction in reactiv1ty resulting from the loss of conjugative enhance-
 ment afforded by the indole nucleus .in 1. It has not been demonstrated
that the rate of alkylation is signiflcant in determining antitumor
activity. The quinone function is retained for two reasons. (i) so that

. o
Q 1l

HaN WCHyOCNH; N\ CHx}hOCNHz

‘ : OCH,

CH, SNT Y

"NH

e
I

[P
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the structure of analogs 2 should resemble 1 for possible intercalative
properties (7) and (ii) we have éstablished that mitomycin (3) in common
with the structurally related antibiotic streptonigrin (8) degrades DNA
employing its oxidative capacity which contributes significantly to

their cytotoxic properties. In this connection there is much accumulated
evidence that quinone containing substances display marked antibacgerial
and antitumor activity (5h, 9). 1In the event, analogs of type 2 proved

to be quite efficient cross-linking agents which are useful in delineating
the geometrical and,cdnformational constraints in'cross~linking of DNA.

Functionalized quinones bearing the required carbamate side«wthain
were prepared by the route illustrated in Scheme 1. The required bi~
cyclic aziridines were prepared via 1,3- ~dipolar azide addition to 3-
pyrroline and subsequent photolysis of the triazolines (10) (Scheme 2)..
The bicyclic aziridines were then coupled to the functionalized quinones
using copper acetate as catalyst (ll) (Scheme 3).

Detectlon of Covalent Cross- 11nk1ngiof DNA by Bicycloaziridlnoguinones
and Confirmation by S; Endonuclease

: When the synthetic analogs 13 were incubated in 207% aqueous pyri—
dine with A-phage DNA (mol. wt. = 31 x 10%) in an acetate buffer the
inducation of covalent cross-links was detected as summarized in Table 1. R
It is evident from the results that covalent crogs-linking to the DNA is '
occurring quite effic1ently across the two aziridine positions (compare

13d with 13b). The sian between Cj and Cyq of the activated form of
mitomycin is ca. compared with the span between the alkylating
centers.of 13d of 10 1 - 1698 R indicating bifunctional agents of quite
different dlmen51ons may be accommodated by cross-linked DNA. Secondly,

en electron-withdrawing group in Rj enhances the efficiency of covalent
cross—llnklng

OH OH _ OCH;
) O Br ~Br _Br
o, -
CH cther CH ."";CH
b He, cCHe T aCHy T
on . CHCh OH N OCH,
3 4 5§
OCH, 0 © OCH,. -9 .
() C.H Mgl - CH,CH,OH PhOCC CHsCH,0COPh .
VR LSS .
@2r 9 \ : pyidine
[ CH, R o ¢ CH; i
OCH, - - : _ OCH,
6 7 ’
/ .
NHOH CH,CHOCNH: - yno, __CH;CH;0C NH,
——————————py
C.H,OH _ " . ; ‘
: CHy . ] CHy ] :
. OCH, . 0

8 . ' ’ 9

SCHEME 1
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b R = CHOCONH,:R, - pBrC, H,
¢ R/=CH,OCONH,. R, - pCH,OC, H,
. d R=H:R, =pBrC,H, :

\ -  SCHEME 3

> TABLE 1. Induction ofICOValent cross-links in A-DNA by

mitomycin C analogs L
. L
A Max in . Time to max in
: Concentration crogs-linking " cross~linking 2 .
Compound (ug/ul) (z) ‘ (min)
13d R v 2.5 78 T 240
13b 2.5 6l 180 : .
. 13a 2.5 . 38 - 90 \
L 13¢ . 2.5 34 o 240 o

The induction of CLC sequences with compounds_ljg'rgceived inde- |
pendent confirmation by the use of the S) endonuclease assay described

previously employing Escherichia coli DNA (3) (see Table 2)

/

» v 0 ' :
aTABLEAZ'. Confirmation of covalent cross linking @f DNA by
- mitomycin analogs with S; endonuclease assay

r 3
Time (min) .
10 90 195 - 270
% cross-linking by . ‘ » T
CLC assay ' 16 : 20 . 27 © 25
Z cross-linking by S; - S
-endonuclease assay 9 \ 15 | 19 “ 16
. § [ - . :
- — -
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The substantially lower values for the induction of cqgalent
.+ cross~linking reflects the use of E. coli DNA of much lower molecular
Y welght (14.8 x.106) than that of A-DNA (31’x.106). Since only one cross-
ldnk is required per molecule to be detected by the CLC assay, a given
concentration .of alkylating agent Will induce proportionately fewer
‘cross~links in the E. coli DNA. The S] endonuclease assay gives different
values because the time required for digestion permits a small amount of
spontaneous renaturation of the E. coli DNA at the pH used to be compat-
ible with ‘the enzyme. .In addition the temperature used in the enzyme '
digestion probably permits some slow degradation of double stranded DNA
Presumably via the natural 'breathing" mechanism which produces transient
single strand regions.(12). There was no evidence of radical induced
single strand cleavage of PM2 circular DNA by:lgg as has been found. ‘ ~4.
for mitomycin C and streptonigrin (3). : ~ "

Mode of Cytotdxic Action of Structurall;ﬁkgééﬁed Aziridinoquinones

~ ‘Many aziridine containing compounds of quite different structures - ﬁ@“
have useful antitumor properties (1b). Thus TEM (14, 2,4,6-tris(l-aziri~ %ﬁk*
dinyi)jg—triazine) was the first alkylating agent found suitable for oral v'f
administration and s still in ¢linical use (13). Also included are ‘
tetramin (15) active against leukemia L1210 (14), TEPA (16a), phosphor- -w
auides like tris(l~aziridinyl)phosphine oxide triethylene phosphoramide * @
and.thio-TEPA the sulfur analog 16b'which effect complete regr;izigg;gf
Flexner-Jobling rat carcinoma (15), and N,N'-octamethylenebig= tidine-
acetamide (17) which is active against Ehrlich ascites carcinoma in mam-
mals (16). - Interest in the antitumor properties of the above compounds
led to the synthesis and:evaluation of many aziridinoquinones from which
many ‘effective agents were found including the clinically active benzo-
quinones 2,5—bis(l~azipidinyl)-3,6-dipropoxyfg-benzoquinqne'(lgg); 2,5-

. bis(1-aziridinyl)-3,6—bis(2-methoxyéthoxy)fgfbenzpquinone (18b) (17), and -

a . tris(1~azirid;nyl)7R>ben29qu1none, Trenimon (19)(18). In common with

‘ other alkylating agents, they exhibit: greatest effectiveness against
leukemias and other lymphomas such as Hodgkin's disease.  The mechanisms v
by which aziridine containirng agents exert their aﬁtitumor'activity cannot

-as yet be stated with confidence. Among the suggestions that have been
made include (i) their alkylating ability .(2a), (ii) their covalent cross-
linking of DNA (1, 2), and (111)" that hydrogen peroxide'or other oxidizing
species formed by intracellular redox reactions of quinomes are the real
cytostatic agent. {19). Efforts have. been made,vwithoqt notable success, .
to correlate antitumor activity with magnetic susceptibility and electron
delocalization (20), and with partition coefficients between benzene
and aqueous phosphate buffer.solutions (21). '
. The convenience of the ethidium fluorescence assay described above .
offers a means for investigating many of the suggestions that have,been:

made with respect to the modes of action. Three genera types of aziri-

dinoquinones -were synthesized, 20, 21 and 22. The induction of CLC se~

_quences in A-DNA was established for compounds of the type 20 and 21 in

the concentration range°0.05 - 1.00 ug/ul using the ethidium assay (3,

22) as illustrated in Fig. 2 and Tables 6 and 7 where agents are listed

in order of cross-linking ability. Independent confirmation that this ,
assay - detects CLC sequenced DNA for this group of bifunctional alkylating
agents was obtained by the S; endonuclease assay (3) as summarized in Table 3.
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:EZ 0-CH,N] '
AN : : e TAY OR N
I I DN—CH,—CH—OM DN—pP—-N] = (CHiwy N
CNTNS L o BN RO~ N7 N \

CH'=CH, N - _NH o (H,NQ 0 0
© 14 1s . 16 ” - w 1
a X =0 .‘“-, R a R =uCH,, K
X=S L h R = CH,CHOCH,
. Co L\N
R
: o}
20
TABLE 3. Confirmation of covalent cross-linklng of DNA by
aziridinoqulnone (20) with S, endonuclease assay
b R : ~ Time (min) 20-R = CHy
' 0 45 135 . 270
% cross-linking by CLC assay 3.4 42.5° . 65.3  36.8
y4 cross-linking by §; endonuclease* 9 7 26. 7\ - 42.0  30.6"

*Corrected for double strand dlgestlon and the fact that FU/A26O for ;;/4’Ae,ff
single stranded DNA = 1/2 FU/A260 for double stranded DNA. ‘ B

A correspondence is again noted for. these 1nd4pendent assays

bearing in mind the remarks about the S; assay made earller It may be

- thoquinones are’ lncluded as controls and, as expected do not exh bit

geen that for 1, b—benzoqugpones alkoxy: substituents énhance both antiineo- o
plastic activity and cross—llnking efficiency wherea£ chloro substituents.
suppress both these phenomena.v A carbamate side chain, unless acti ated

as in the mitomycin 'C structure does not contribute to increased DN _
cross-linking. Ortho. substituted blfunctional agents are pdrticul rly .-
effective in cross-linking. and in vivo ‘antitumor data are awaited yith - —
interest. The monofunctional a21r1d1ne ortho and para substituted naph-

cross—linklng

pH Dependence of Covalent Cross- Llnking and Alkylation without pepurina- -

‘containlng selective raﬂloactlve labels in the purine and yr1m1d1ne bases

tion of DNA bzﬁAZLridlnquLnones ‘ ,/ ’ '

As has ‘been observed "with the antitumor .antibiotic m1t6myc1n (3),
the detection of CLC.sequenced DNA is accompanled by/a suppréssion of the
before heat denaturation fluorescence reading. A sypthetic/palynucleotide

was treated with an aEiridlnoqu1none to the stage where in a control

T ——

—— i “ |
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, experiment an sppreciable decrease in before~heat fluorescen@ﬁ value was
~observed. 'The alkylated DNA s were washed with trichloroacetic, acid and
counted. The results summarized in Table 4 show that no depurination

-accompanlies .kylation or covalent cross—llnking as was' found for the
antibiotic pitomycin C. This’ evxdence .together with the close paralLel

- between crfss-linking and suppression of before-heat fluorescence. (see
Figs. 1 and 2) strongly suggest that the latter phenomenon is due to
alkylation _DNA which does not lead "to cross-links and is manifest by

‘a destruction of potential ethidium intercalation sites. “Several physical
explanations/are possible for the latter phenomenon, for example’ steric

164 .

"hindrance-.to approach of the ethidlum or a referee Has suggested quenchingh ‘

o£ the ethidium fluorescence by nearby  bound drug; or by drug modified

bases. We are, currently examining the physigal cause by employing a range
_ of ethidium analogs but meanwhile the decrease in before-heat fluorescgnce

is used as -a measure of: single covalent attachment of drugs to DNA
vt ' o

- TABLE 4. Radioactivity assay for mpnoalkylation of polynucleates
with aziridinoquinones with no depurination o

>

: , 3H(FP/TCA changel) ,ll‘C(FP/TCA channel) L SRR
Time (h) . » counts x 10-3 counts x 1073 ' . 3u/lae -
s S 16000 | 0.713
\ ' 1.3 R Y IE T - . 0.646
18 o '12.6° ¢ - 1 120:4 ot . 0.618
46 14.3 o 2206 -0 0,638
65 Fé 167 v e g3l 0.708

A : ) ‘ DA
. : ‘,, - = .

Freese and Cashel (23) haye reported a’ small amoumt of induced
cross-links in .DNA by low pH alone.‘ For example at ‘pH- 4 2-and at 25°C
their sample was cross-linked to the extent of 11% over a 2 h period.  In
our-studies of pH dependence (Figs. 1 and 2) strict controls were run .
with A DNA"at ‘the corresponding pH but in .the absence of the substrate

. Over the time scale of our experiments no acid- induced cross-— linking
was detected by - the CLC assay..
: 1 . -

The extent of alkylatiOn as meaSured by the decrease in before—
heat fluorescence showed a much more pronounced pH dependence than was*
found with mitomycin ' (see.Fig. 1). Similarly the concomitant covalent
cross-linking of DNA by thé aziridinoquinones shows a much more marked

o pH dependence than' reduced mitomycin C (see Fig. 2). This reflects the

structural differences; while the aziridine moiety of the activated
-mitosene 23 received aséistance to opening by conjdgative interaction. of.
the indole . nitrogeir lone- pair_at any pH value (4), ‘the aziridine groups
in 24 require protonatien ‘to assist alkylation . !

- ~

- 1
P o - . S A .

.0 , .
OH » ) -0 . : .
CH;0CNH, AN:¢:R ~ ) o
R . S
NH v : L

HN_
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. AN s i ' .FIG. l./ The. pH dependence of

: ’ . 5 ; o alkylation ‘of A DNA by 2,5-bis

VAN (aziridinyl) -3, 6—dimethoxy—l .

o benzoquinone at a final concentra-
tion of/0.8 pg/ul.  Reactions were . -
performed in 1.0 M buffered aqueous

8
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‘. Dependence of Extent of Covalent Cross—linking of DNA 6 by Aziridino~
- _gpinones on (G + C) Content of DNA g

: "WNo evidence has as yet been presented for -any base preference in
the alkylation, of DNA by aziridinoquinonés. ’ THerefore we" examined the
- interaction of 20 R = OCH3y) with three difference natural DNA's of -
_,different (G + C) content: Clostridium perfringens, 30%; calf thymus,
\;401, and ‘E. ¢oli 50%. - 'These three DNA's had comparable molecular weights
fas determined . by sedimentat®on velocity studies and therefore their
.‘reactivity towards the aziridinoquinone-could be COmpared directly. It
' may be seen from Fig. 3 that a direct correlation obtains between ‘maximum .
extent of covalent cross-linking with highen,(G + C) content for .a given
. concentration of the cross-linking agents. Assuming ‘a Poisson's distri-
bdtion of the links and further ‘that one link is sugficient to permit the
spontaneous renaturation of xhe .molecule an estimate of the average number -

NS . %
‘l X R - .
N ~

. i
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Szybalski and Iyer (4). This may then

a K

(¢

" F16. 3, The;dependence of maxi-

. mum percentage covalent cross-—
.linking of DNA's by 2,5-bis(aziri-

dinyl)-3, 6—dimethoxy-1 ‘4-benzoqui-
none (0.05 ug/ul) on the percentage -
(G + C) content of the DNA. The
DNA's used ‘were Clostridium. per-
fringens (30% G + C), mol. wt. 11.4
x .100; calf thymus (40% G + C), mol.
wt. 10.8 x 106; ‘E. coli (50% G + C)
14.8 x 106 with final corcentra- °
tiéns réspectively of 1:40, 1. 1:.5
and 1.03 0 Dazso units.

"of cross- Iinks per molecule was, made, m = ln(l/Po) where Po is the pro-
‘portion of the molecules unlinked as 0.
;‘DNA's.\ These‘are closely comparable wi
“‘and Szybalski. (24) for mitomycin c¢ross-
:(25) rules out ‘direct alkylatiod of the
- myein C but does not exclude reaction 4

62, 0.93, and 1.71 for the three |
th similar estimates made by Iyer'
linking. Recent work by ‘Tomasz
N-7 position of guanine by mito-
t 0-6 -as originally suggested by
apply to the aziridinoquinones.

o

L Kineticlfof Acid Assisted Ring;Opening of Aziridinoquinones

The rate of acid assisted opening of 20 in 1M sodium acetate °

buffefs in the ‘range pH 4.0:¢0 6.0 in:2

5% tetrahydrofuran ~ 75% water

was- determined. spectrophotometrically employing concentrations comparable -

"vith those used for D&A cross linking by measuring the rate of appearance
. of the ring qpened sppcies 26 at 380 nm.

Since attempts et product iso-.

w?jlation at intermediate stages afforded only 20 or 26 it was concluded that

@ e

‘jthe lifetime of 25 was very. short under
”therefore its equilibrium contribution

LA
PR T

’listed in Tdble 5. . It may be seen that

the solvolysis conditions and
to the absdrbance at 380 mm could

‘be neglected to -a first approximation (Scheme 4)

The pseudo unimolecular rate cdnstants at’ different pH values are

thg pH dependence of the aziridine

opening parallels the rate of -covalent. cross-linking (Table 5 and Fig. 2)

1.‘n\wand of alkylatiorn of DNA (Fig. 1). It.was shown' in an independent ex~

i ‘periment that the diacetate 26 in which
- .did not cross—link DNA. Therefore the strong pH: dependence of ‘the cross-=

""linking suggests, as expected, that the

‘the dziridine rings weré opened

.active‘species involved direetly

! in covalent bonding to DNA is ‘the intermediate aziridinium ion.‘ T



v\ b.-
TABLE 5 Pseudo unimolecular rate constants
for the acid catalyzed ring . opening of
5-&iaziridino- 6—benzoquinone
’".pH“ ' "-W Rate cOnstant k x 10‘5 (s‘l) i , \”
4.5 }9..04 B
.5.0 S 843y ol -
6.0 Lo e T 200k :
B4 ~ 7.2 ' - Too slow to measure
8.7 ~ « ‘Téo-slow to measure ™ .m‘
. »,‘  R ‘ ’ y : .

e

Correlation of Covalenc Cross-Linkingﬁwith Antineoplastic Activi;y

Having established.a mnvenient procedure for detect:ing alkylation
and covalent cross-linking of various DNA's by aziridinoquinones and. other
alkylating agents it {is ericouraging to observe that a fairly good corre= . °
lation exists between the extent and rate-of covalent c¢ross=linking of ’
DNA and antineoplastic activity against leukemia L1210 and several solid
tumors (see Table 6). This parameter may prove useful for prescreening
antitumor agents for clinica® trials. It is recognized that other biolog-‘
ical and pharmacological Paramecers, in addition to DNA covalenc cross—
linking (i.e. dryg uptake, partition, metabolism, “and toxicity) contri--
butes to the: ultimate effectiveness of cancer inhibitory properties. .Table
7" 1ists covalent cross-linking tesulus for additional aziridinoquinones

1£or which, .-as yet," no in ziga antitumor data is available.‘»;‘ﬁ R
Ad BT B . : . . : sl
,l. o Experimental S ‘x"

i 1

Melting points were determiqed on a Fisher-Johns apparatus and are
'“uncorrected._ The 1. r. spectra were recorded on-a Perkin-Elmer model 421
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S ¥ . ' 'l i " s o
N TABLE 7.- Covalent cross-linking of A DNA by aziridinoquinonéds -
L, e ‘ R v : : : S : -
: e ) g L A DNA cross-linking =
' T - , . Maximum - - — Time to reach
Structire - Concentration(ug/ul) = ) © . .. maximum .
g;lijpl‘ o4 . 8s.5 - 30
‘ 004 B 105 .
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\ vk - o2y 45
H,[_.yc“) 7. '/ : -
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: . ' 3Hy . R X . : . -
- . xgs NJ . - 0-24 - | 210 - » 270 i
- o : -o .o ' ‘ i i T . |
R S s . | T »i: o
NG G (T S S e -
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*Shows substantial mohoalkylation:

S0 B

. spectrophotometer and only the principal, shatply defined peaks are re-
ported. The n.m.r. spectra iere recorded on Varian A-60 and A-100 analyti-
cal spectrometers. . The spectra were measg(red on“hpproximatély 10-15% (w/v).

~ “solutions u§ually in CDCl3, with tetramethylsilane as-a standard. Line

- positions are reported in p.p.m. from the reference. Mass spectra were
determined on an Associated Electrical Industries MS-9 double focusing
high resolution maSS.qucttomater. The ionization energy, in general,
was 70 eV. Peak measurements were made by comparigon with perfluorotri-
butylamine at a resolwving power of 15000. Kieselgel DF-5 (Camag, Switzer-
land) and Eastman Kodak precoated sheets were used for thin-layer chroma-
tography.  Microanalyses were caryied out by Mrs. D. Mahlow of this de-
partment. ‘First derivative e.p.r. spectra were measured on a Varian V-
2503 spectrometer fitted with a V-4532 dual cavity operating at a nominal
frequency of 9.5 GHz. The microwave power incident on the cavity was
attenuated to 10 dB below maximum.: Hyperfine couplings were measured
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A"

by comparison with a peroxylamine disulfonate solution in the audio
cavity. The triplet spacing of the standard was taken ‘to be 13.0 Oe. -

Materials S . ”\ .
'Ethidium bromide, - calf thymus DNA, and u-amylase powder were pur-.

. chased from Sigha Chemical Co., Sephadex G-100 superfine was from Pharmacia
‘add DEAE cellulose was obtained from Whatman and washed before use. '

A,
Ve

A mixture of 6.14 g (60 mmol) of - phenylazide and 5.60 g (60 mmol)
of 3-pyrroline (75% pure) was set aside in the dark at; ambient temperature -
for 3 wéeks. ‘The resulting precipitate was’ collected, washed with light
petroleum, and recrystallized from ethyl acetate-petroleum .ether to give

- 11b 6175 g (57% ﬁield) as a tan golid m.p. 111-112°C.

' Apal. Calcd, for C10H12N4 (mol. wt. 188.1062): C, 63. 815 H, 6. 43;'
N, 29.76. qund 188.1072 (mass spectrum) C 63.80; H, 6.19; N, 29.45.

. %he i.r. spectrum Vmax (CHC13) 3323 (NH); 1590 cm‘l (N-N) The

_ n.m.r. spectrum 8TyMs (CDCl3): -1.43 (s, 1H, NH); 2.68-3.60 (m, &4H, CH2);
" 4.32 (dd, .1H, Hl, J15 = 10 Hz/£J18' = 4 Hz),

cpgidd, 1, H5, J56' =
6 Hz); 6. 80 - 7.60 (m, SH, ArH). | SR |

’ H&“:'T' . of h
O]-oct- l-ene (llc)kf;“ d

*"

\ This compOund was prepared in a similar fashion, from 2.2 8 (lS mnol)

“of p_methoxyphenylazide and 1.4 g (15 mmol) of 3-pyrroline (752 puré9 in"
302 yield as a whiter crystalline solid m.p. 108 5-109 C

- Anal. Calcd for C11H14N40 M - N2 190 1106) C, 60.53; H, 6. 47,

- N, 25 67. Found 190 1107 (mass spectrum) C 60. 52 H, 6.42, N, 25. 19

: : The i.r. spectrum Vmax (CHC13) 3305 (NH); 1580 cm-l (N=N) . " The
n.m.r. spectrum 8TMS (CDCl3): 1.46 (broad 1H, NH); 2. 69-3.62 (m, AH, CH2) ;-
3.79 (s, 3H, OCH3); 4.35 (dd, 1§, Hy, Jys5 = 10Hz, Jig' = 4 H2); 5.15 (ad,

|18, Hs, Js¢' = 6.5 Hz); 6.80-7. 33 (m, 4H, ArH)

' yield)

6-Pheny1—3 6—diazabicyclo (3. l (L]hexane B

A solution of . 2 60 g (14 mmol) of &4 phenyl—Z 3,4,7- tetraazabicyclo
[3.3.0Joct-1-ene in 280 ml of tetrahydrofuran under nitrogen was irradiated

A with a-Hanovia high pressure mercury lamp (200 W).fitted with a Pyrex

filter with stirring and cooling for 6 h.  The 'solvent. was. removed in
vacuo and the residue extracted with hot ether (6 % 100 ml). <The ether
extracts were concentrated giving 12b as a red brown oil 1. 95 g (872

- Mol._Wt Calcd. for clonlznz. 160. 1001. Found”omgss spectrum):
160.1007. | - »

The n.m.t. spectrum §TMS. (cnci3) 1. 65-2 07 (broad 1H, NH), 2.66

- (8, 2H, methine), 2.75 (AB quartet, 4H, CHz, J = 12.5 Hz), 6. 65-7 34 (m,

}



.

P . . TS ¥
5H, ArH). The'absorptiou apectrum: 239 (log € 4.75), 277 nm (log €
3.90). ‘ - ' . : R oo

v

6—-(p-—Methoxyphenyl) -3 6—diazabicycloL3 1. O]hexane | : S
S

A solution of 0.906 g (4 mmol) of 4-(p—methoxyphenyl) -2;3,4,7-
tetrazabicyclo[3.3.0]oct-1-ene in 120 ml of tetrahydrofutap under nitro-
‘gen was- irradiated ‘as described in the above procedure. The solvent was
evaporated and the residue treated with 100 ml of ether, .The resulting
precipitate was' filtered The filtrate was evaporated and the residue -
crystallized from benzene -~ light petroleum affording 12¢ 0. 742 g (98%
yield) as an off-white solid, m. p. 36—38 c. -

Anal. Calcd. for C11H14N20 (m01‘ wt. 190. 1106), c, 69.45; H,
7.42; N, 14, 72 Found 190 1105 (mass spectrum) C, 68. 90, H, 7. 57, N, *
14. 67.. .

The n.m.r. spectrum STMS ((CD3)ZCO). 2 79 (s, 2H, methine) 3.70-
(s 34, 0CH3), 2.82 (AB quartet, 4H, methylenes, J = 12.5 Hz); 6.41-7.08
~(m, ‘4H, ArH). The absorption spectrum (CH3CN). 238 (log € 4.21), 295 nm
(log € 3.30). ,

2, 5-Bis- 3{1;6'-p-bromophenyl-3'lﬁ'-diazabicyclo[3 l“QJ hexane]3-(8—carbe—
_yloxyethzl) 6-methy1—l A-benzoquinone :

S

A solution of 0.400 g (2 0 mmol) of freshly crushed cupric acetate
monohydrate and 1. 800 g (7.5 mmol) of 6~(p~bromophenyl)-3,6-diazabicyclo
[3.1.0]hexane (23) in 40 ml of methanol was purged with oxygen. While
bubbling oxygen through the stirred ‘olution »a solution of 0.313 g (1.5
mmol) of 2-(B-carbamoyloxyethyl)-5-methyl-1l,4-benzoquinone (24) in 75 ml

of methanol was added.  The reaction mixture was stirred at room tempera—°
ture for 2. days, then was concentrated to 53; 5 ml and subjected to
chromatography on a neutral alumina (w?elm) column eluting with methanol. .
The dark red band was collected and conéentrated and the residue was .
crystallized from ethyl acetate-light petroleum to afford 13b as g purple
solid, m. P 111~ ll3°C, which slowly turned brown on exposure to light and

Calr. - . *

i

| Anal Calcd. for C30H293r2N504 (mol. wt. 683): N,710.25;'Br, 23;39;
'Found (683, ebullioseopic) N, 9. 89; “Br, 23. 05 : = . :

The i rt spectrum Vpoy (CHClj): 3544, 3434 (NH3), 1720 (carbamate
C=0), 1585 cm~l- (quinone C=0). The ‘absorption spectrum: (CH3CH): 248 (log
€ 4.26), 282.(log €3.67), 396 (log € 3.09), 503 nm (log € 2.57). The
e.p.r. spectrum (generated by treating a 1.2 x 102 M methanolic solution
of 13b with sddium methoxide in air), developed a signal of maximum fnten-—.
sity in 30 min which pérsisted ‘for 2 1/2 h consisting of 10 lines h. f.s.
l 4-1.8 Oe of spectrum width 12.3 ée . . ,

ZL§—Bis—3'—[6'—p-bromophenylr3"6'—diazabicyclo[3 1. QJ-hexan41-3l6 dimethyl— :

.1, 4-benzoquinone . -

N ey, a-":
A similar reaction between 0 300 g (1.5 mmol) of freshly ‘crushed

cupric acetdte’ monohydrate and 1. 800 g (7 5 mmol) of 6—(27bromophenyl)-
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3,6-dlazabicyclo[3.1.0}-hexane (26) with 0.204 g (1.5 mmol) of 2,5-di-

~ methyl~-l,4=benzoquinone in methanol afforded 13d 0.511 g (56% yield) as

.a brownish purple sdlid, m.p. 107-110°C, which s slowly changed to a brown

solid on ejposure to light and air. ., '
Anal. Calcd. for C28H24Br2N402: N, 9. 18, Br, 26 18.™ FOund N, 9 06;

Br, 27.89. \ . o -

‘ 'The i.r. spectrum Vmax (CHCl3) 1588 cm"l (C=0). The absorption -
spectrum (CH3CN): 250 (log e 4. 70), 285 (log € 3.88), 328 (log € 3.63),
395 (log € 3.33),.501 nm (log € 2.76). The e.p.r. spectrum (generated
by. treating a'1.2 x 10-2 M methanolic sdlution of 13d with sodium meth-
oxide .in air),  developed a signal®of ‘maximum intensity within 30 min which
persisted for 2-1/2 h and consisted of 11 lines, h.f.s. 1.4=1.7 Oe of
total spectrum width 14 2 De.. .

2, 5-815—3 _[6'-phenyl—3' 6'—diazabi*yclo[3 2. O]hexane] 3‘§B-carbamoyl-
oxyethyl) 6-methyl-1, 4~benzoquinone

v A similar reaction between 0 400 g (2.0 mmol) of cupric acetate’
and 1.60 g (10.0 mmol) of. 6-phenyl-3, -6-diazabicyclo[3.1. O]hexane with
0.418 g (2.0 mmol) of ZL(B—carbamoyloxyethyl) 5-methyl-1,4~ benzoquinone-
(24) in methanol afforded 13a as a red-brown solid from ethyl acetate-
© light petroleum, 0.892 g. (85% yield), m.p. 80-83°C, which slowly turned
brown on exposure to air and owing to its instability .was characterized‘
'spectroscopically. . : K

. TheAi.r spectrum vpax (CHC13) 3546, 3426 (NH3); 1725 (carbamate "
C=0); 1595 cm~l (quinone €=0). The absorption spectrum (CH3CN): 241 (log

€ 4.58), 282 (lvg € 3.92), 394 (log € 3. 22), 503 nm (log € 2.72). The
e.p.r. spectrum (generated from 13a as. described above) developed a sig- .
nal due to the semiquinone of maximum intensity in 30 min which persisted
for 2 1/2 h and consisted of 10 lines h.f.s. 1.5-1.8 Oe of total spectrum
width 12.5 Oe ' ‘ :

2, 5—Bis—3'—[6'-p-methoxyphenyl 3' 6' diazabiqyclo[B 1. Oﬂ-hexane] 3-(B-
‘carbamoyloxyethyl) -6-methyl-1, 4- benzoquinone'

_ A similar reaction of 0.400 (2. 0 mmol) of cupric acetate and 1. 900
g (10 mmol) of 6f2rmethoxyphenyl -3,6-diazabicyclo[3.1.0]hexane ‘in 50 ml
. of methanol with 0.418 g (2.0 mmol) of 2-(B-carbamoyloxyethyl)- -5-methyl-

-1, b—benzoquinone (27) afforded’ 13c 0.199 g (17% yield) as a. purple solid

~ from ethyl acetate, m.p. 98—103 C which slowly turned brown on exposure-
to light and air.

Anal. Calcd. for C32H35N506 C\ 65.63; H, 6:02; N, 11.96. Found:
C, 65. 11 H, 6.41; N, 9. 99 ‘ . R ‘ :

The i.r. spectrum vmax (CHCl3) 3520 and 3418 (NH )3 2826 (OCH3),
1723 (carbamate C=0); 1568 cm~l (quinone C=0). The absorption spectrum
(CH4CN) 3 242 (log € 4. 52), 290 (log € 3.97), 397 (log € 3.47), 506 nm
(log € 2.94). The e.p.r. spectrum (generated from l3c as described above)
developed a signal of .the semi quinone within 30 min which persisted for =
- over 2 h and consisted of an unresolved singlet of spectrum width 5.8 Oe.

4 A .
: ({ : o,
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‘,' _Synthesis of Aziridinoduinones

-

, Mast of the aiiridinoqﬁinonéa studied‘were prepared by published
procedures (17). The general method 1s illustrated by the following -
example. ' | : - , . B

. 4 . . M | i

i . - .
Preparation of Tetramethoxy~-1,4-benzoquinone

. : ‘ 4 .
A slurry of 24.5 g (0.1 mol) of chloranil in 75 ml of methanol was
, added to a solution of 9.8 g (0.42 mol) of sodium in- 250 ml of methanol.
e During additipn the temperature of the reaction mixture was Kept at 15-25°C.
by means of external cooling. The reactions mixture was then heated on a
: steam bath for 6 h. The cooled reaction mixture deposited bright orange
' ~. crystals which were collected, washed with cold water,. and taken up in
dichloromethane. - The solution was decolorized with charcoal, filtered
"and the solvent removed in vacuo to give bright orange crystals of the
~_product, 16.7 g (73.22 yield), m.p. 133-134°C (1it. (28) m.p. 135-136°C).

i

Reaction of Tetramethoxy-l,4-benzogquinone with Aziridine -

To a suspension of 1.05 g (5 mmol) of tetramethoxy-1, 4-benzoquinone
‘in 30 ml of methanol was added a solution of 0.280 g (65 mmol) of aziri-
‘dine in 10 ml of methanol. The reaction mixfure was stirred at room .
temperature for 2 days. The resulting reddish-brown 2,5-bis(aziridinyl)-
3,6—dime;hoxyjl,A-benzoquinohe was collected by filtration, 0.875 g (75%
yield), m.p. 189-190°C (lit. (17a) m.p. 193-194.5°C). The n.m.r. spectrum:
Syms (CDC13): 2.28 (s, 8H, aziridinyl -protons) and 3.92 (s, 6H, OCH3) .

i

~

Név.comPOunds pfepéféd using ;hesé procedures 1nélude:

(1) 2,5-Bis(2-methyjlaziridinyl)-3,6-dimethyl-1,4-benzoquinone in

63% yield, m.p. 147-150°C. . o o e

JE ., Anal. Calcd. for C14H1gN202: C, 68.29; H, 7.31; N, 11.38. Found:
\C, 68.21 H, 7.61; N, 11.72. R | S

(ii) 2,S-Bis(Z-ethylaiiridinyl)—3,6—dimethyl-l@ﬁ—benzbquinone'fﬁ
50% yfeld, m.p. 125-126°C. - i o o S

. . : y o : I - N
EE Angl.’ Calcd. for Cj)gH22N202: C, 70.44; H, 8.03; N, 10.08. Found:
" . C, 70.04; H, 8.54; N, 10.38. o . e

L i . - . . Y

(iiil*QLS—Bis(Z—methylaziridinyl)-lQZrbehZOQQihone in 47% yield,
- m.p. 135-138°C, I T , PR

-
, v
.

‘Found:

¥

. Anal. Caled. for CioHi4Nz02: C, 66.05; H, 6:42; N, 12.85.

Fluorescence Aés;y for Detéctigg CLC. Sequences and Monpalkylatibn'7

The general procedure employing a G.K. Turner and Associates model .
430 spectrofluorometer has been described previously. The assay mixture
was prepared by mixing 2 ml of a'd M KzHPO4-KOH.buffer'(at pH 12.0) with
0.2 ml of a 0.2 M solution of EDTA .disodium salt (buffered at pH 8 with
i '

3
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2 M K4P0;) and with 0.05 ml of a 1 mg/ml solution of ethidium bromide

in water. The resultingsmixture was made up to 100 ml with distilled
water and was covered with.aluminum foill te protect it from the light.
The instrument was blanked using 2 ml of the above eolution The 'cross-
‘linking assays were carried out as follows

-

BieycloaziridinobenzOinnones -

The cross- 1inking agents ;%re added as 5 pg/ul solutions in 40%
pyridine - 60% water. DNA was added as an aqueous solutioh. Reactions
were buffered to pH 4.5 with 1 M sodium acetate - acetic acid buffer.
Cross-1inking reactions were carried out on a 60 ul scale. The reaction ' -
solutions were incubated at 37°C and had concentrations of 1.06 0.D. 260
units of A DNA, 0.05 M of buffer, 2.5 ug/ul of cross-linking agent and
- 202 pyridine; 10 ul aliquots were removed at timed intervals and analyzed\
for the extent of cross-linking by CLC assay described previously (3). A
control reaction mixture prepared exactly as above but containing ‘N0 Cross-
{inking agent was run with each experiment. In no case was there evidence
"for acid induce? covalent. cross—linking. :

Bisaziridinoquinones ST

~—

A 10 ul aliquot of the cross-linking reaction mixture (gg; 5 ug/ul
of alkylating agent in 252 tetrahydrofuran - 75% water, 1 M sodium acetage -
-buffer and DNA) was diluted in 2'ml of the solution. Similarly a 10 ul
‘aliquot was withdrawn from a reaction mixture containing no alkylating
~agent (control) and was diluted in 2 ml of the assay solution. The solu-
tions were analyzed by the CLC assay described previously (3). A typical
run is given in complete form'for 2,5-bis(aziridino)-3,6-dimethoxy-1,4~

benzoquinone at pH 5.0 with a concentration of 0.8 ug/ul,

Time - =*Before-heat After-heat L
(min) - fluorescence® fluore%&ence .. % Cross~1linking
-0 : o270 v 3.5 : 0
5 64 ‘ - 12.5 . 19.5 - | e
10 St - 60 : o1 . 28.3 P )
20 . 52 | - 23 44,2 7 L
30 . 45 .. ) 24 ' , 53 e
¢ 40 . 35 - ' 20 . .57 :
- 50 30 8 ., - . 63
.60 L 25 , 17 o 67
80 o 20 v St C 75
100 _ 15 o 122 80 -
120 . : 13 - 11 : . ‘82
150 - - : - 10 , 8§ . - 80 Vo
,180 L 9 _ 6 _ .67 ;}‘“
*Control fluorescence = 70 constant throughout experiment. k//ﬂ

Covalent Cross-Linking of DNA's with’ Different (G + C) Content witH 2 S—
Bis{aziridino)~3, 6~dimethoxy-1, A—benzoquinone o

The CLC assays were performed at pH 4.5 and 37°C as described

e e

. 2// o DR
T |
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above using tﬁe following solutions'of netural DNA's.

Closttidium perfringens DNA (30X -G + C)u' d

N JARY

The assay mixture was prepared using 7 ul of the DNA stock solu-
tion (0.D.269 = 20), 5 ul of 1 M sodium acetate buffer pH 4.5, 8 ul of
water, and 80 ul of a solution of 20 (R = 0CH3) in 25X aquepus tetrahydro-
furan (final concentration of agent 0.05 ug/pl and final concentration of
DNA was I.AO‘O.E.ZGQ). The control was similar but lacked 20 (R = OCH3).

o ¢

Calf Thymus DNA (40% G+ C) ~° v _x
. The assay mixtyre was prepared using 30 ul of  the DNA stock .solu=
tion (0.D.zgp = 4.58), 5 ul of 1 M sodium acetate buffer pH 4.5, 5 ul of

. water, and 80 ul of the solution of agent 20 (R = OCH3) (final concentra-

tion of agent was 0.05 ug/ul and*of DNA 1.145 0.D.2g0)- <Control as_above.

'

"E. colf’ DNA (50% G + C) . : A - .

. »> B

The assay mixture was prepared using 25 ul of the DNA stock solu-
tion (0.D.2g0, 1.03), 5 ul of 1 M sodium acetate pH 4.5, 5 ul of water,
and 40 ul of a 25% aqueous solution of 20 (R = OCH3) (final concentration

'of agent 0.05 ug/ul, and final concentration of DNA was 1.03 0.D.2g¢)-
Control as°abovg.* : - . o

q

-

- ) ) L ' : . : i
Assay for Covalent Cross-Linking of E. coli DNA using S; Endopiuclease

E. coli DNA which had been covalently cross-linked with the bi- °
functional alkylating agent was dialyzed;overnight at 4 °C vs. 10 mM -
potassium phosphate at pH 11.5, 0.1 mM EDTA, neutralized with 0.5 M tris
hydrochloride pH 7.5 (N2§ m§), and heat denatured (5 min at 95°C then ice
‘treatment) . To 80 ul were added 20 ul 5 x Sy buffer pH 4.5 (final pH
about 4.6) . After removal of the first aliquot, 2 ul of purified S,
endonuclease (610 U/mg, 1.28 mg/ml) was added and the mixture incubated
at 45°C.. Aliquots.were removed and examined with ethidium bromide solu-
tion pH 8.0.and read as described previously. Heat denatured and native'

E. coli DNA's were incubated as controls. . - - .

'-Assai,féraDeputination'of Radioadtively Labelled Polynucleates Treated
Wwith 2,5-Bis(aziridino)-3;6-dimethoxy-1,4-benzoguinone i

. N ‘ _

Poly dG.dC(14cG).d(3HC) 0.339 Apgg/ml was incubated at 37°C in
50 mM sodium buffer pH 5.0 with 260 ug/ml of 2,5-bis(aziridino)-3,6-
dimethoxy-1,4-benzoquinone in '18% aqueous tetrahydrofuran. A{ intervals
duplicate samples were removed, placed on Whatman filter discs, shed 4
with 5% trichloroacetic acid, then twice with ethanol, dried, and counted.
The results summarized in Table 4 show no loss of purine or pyrimidine
bases accompany treatment of the DNA by the aziridinequinope.

Kinetic Studies of the Rate of Acid Cataiyzed Ring,Qpening of Aziriaino-
quinones ‘ : o

A 1.04 x 1073 M solution of the Z,S—bis(aziridiayl)—3,6~dimethoxy—
o o
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,Table 8)
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1, 4—benzoquinone was prepared in 25% THF - 75/ H,0 at room temperature

and transferred in 160 1 aliquots to reaction tubes and then 10 ul of.
water, 20 ul of A DNA, and 10 pl of 1 M sodium acetate buffer (of the

.appropriate pH) were added. ‘The tubes were sealed with Parafilm and placed

in a constant’ temperatuye bath. Several reaction tubes were withdrawn

at! convenlent intervals, dlluted with 25% THF - 75% H20 to 5 ml and the

concentration of 2,5-bis(2-acetoxyethylamino)-3,6~dimethoxy-1,4-benzo-

' quinone was established by its absorbance at 380 mm. - It was demonstrated

that both the a21rid1noquinone and the 2- -acetoxyethylaminoquinone 3beyed
the Beer—Lambert Law in the optical density range of 0.02 - 0.4. Allow-
ance was made for residual absorption at 380 nom due to the azlrldine (see

).

The reaction followed good first-order (pseudo unimolecular) kine-
tics for the formation of the diacetate the time dependence of which is
shown in full for the run at pH 4.5 (see Table 9).

T. - '.TABLE 8. Absorption spectre
Wayelength_(nm) : Absorbance 20 Absorbance_gé

330 029 0. 20
340 ' : 0.31 : : 0.29

. 250 - 0.275 ' 0.375
360 0.20 0.43
370 .. 0.135 o ©0.39
380 ' 0.08 . 0.270°
400 ! 0.03 7 0.055

TABLE 9=~ Rate of acid assisted ring opening of
2,5-bis(l-~aziridinyl)-3, 6-dimethoxy-1,4-benzoquinone ' e

‘4 Time (min) - Optical density k x 109 (s*1)
S0 - 0.08 | -
30 o S 0.11 C9.15
60 : ‘ . 0.135 9.04
90 0.154 8.97
120 - 0.169 . 9.08
150 - . 0.185 9.03
210 | . 0.211 - 8.75
270 0.225 : 9.04
330 ©0.240 . 9.14
© 420 - 0.251 o ©9.13
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" ABSTRACT:

' The exﬁggg of alkylation of DNA byidimethyl sulfate, nitrogen )

‘

mustard and’ the antibiotic mitomycin C is related to the resulting
"dec:egse in the ‘fluorescence: of intercalated ethidium. The fluorescence

losses due to the first two types of reagents show a marked” pH depend-
ence with greater losses of fluorescence:being»observed at alkaline

low levels of methylation (V4% deoxyguanosine residues modified) one

pH's. At pH'11.6.the fluorescence shovs-a sLow.recovery‘so,;hat'with.'

‘observes complete return of fluorescence. We postulate that these

phenomena are due to conversion of - 7-methyldeoxyguanosine ‘to the
zwitterionic form and partial denaturation of the. DNA" duplex with loss
of ethidium binding sites. Hydroxide ion catalyzed imidazole ring g

 opening, and the removal of the positive chqrge-permits_reannealing ‘
. 'with concomitant return of the ethidium intercalation sites. This con-

clusion is substéntiated”by,enzymatic hydrolysis of [14C] methylated
DNA and identification ¢f the two types of deoxyguanosine residues
formed under the different conditions of the ethidium assay. The
distinctly different behavior of mitomycin C confirms previous con=-

»

INTRODUCTION: SAREREEE o : ‘ S

Many effective antitumor agents as well aé caréinogens.and‘mutagené

belong to the class of alkylating agents (1). There is much evidence

<, /



(inactivation of viruses, antimitotic, cytological and mutagenic effects) 6
.from in witro and in ﬁivo reactions and physico-chemical alteratif s

that indicates nucleic ¢ acids are often the principal target site |

such agents (1-3). While alkylation of DNA bases,may be detected by

using, fadioactive labels, a more convenient assay which can discriminate
between difﬁerent sites of covalenu attachment would clearly be useful

, We describe how the fluorescence properties of the trypanocidal ‘'
'drug ethidium bromide, may be useful in this regard. It was observed -
by Le Pecq and Paoletti (4) that ethidiym bromide, which is widely used
as a histolagical ‘stain for nucleic acid containing sﬁiuctures in
cells, intercalates into duplex nucleic acids. The intercalation process
shows little or no base preference and the primary sites are saturated
when one drug molecule is “bound. for ery 4 or'5 nucleotides. Binding

. 18 "also independent of pH within the ragge where the double helix is _
stable (3). During this primary binding\the fluorescence shows a

" fifty-fold enhancement. This phenomenon been attributed to the
removal of quenching by the polar solvent as the dye is absorbed into
the hydrophobic region of the duplex (3,4). This property has been
made use of by Morgan in the. development of elegant and convenieént

- assays for detecting covalent cross-linking and strand scission of
DNA by a variety of agents (5,6). Recently, these~techniques hayve been
used to examine the Interaction of certain antitumor antibiotics with
nucleic. acids (7-9). During these studies it was noted that the loss '
in ethidium fluorescence 'which accompanies alkylation. of DNA by mito-
mycin C (with concomitant loss of potential: intercalation sites) 1is _
linearly related ‘to the extent of .alkylation. In this paper the alkyl-
ation of DNA by dimethy sulfate, nitrogen mustard and mitomycin G is .
studied in more detail.) The effects of alkylation on ethidium binding
to DNA are examined and the alkylation induced . structural changes on

DNA at different pH's are also studied by the fluorescence technique

N

METHODS: . = . - ' o L
Materials. Reagent grade dimethyl ‘sulfate and deoxyguanosine were |
obtained from Aldrich. [14C]—Dimethyl sulfate was from New England
Nuclear with a specific activity of 13 mCi/nmole. Ethidium brémide and -
calf thymus DNA were obtained from Sigma, the 2'—geoxynucleosides Erom
ICN and mitomycin C from Calbiochem. A-DNA and: [“H]-A-DNA were ‘prepared
as before (6). The mitomycin C stock solution (10-3 M in distilled = .
water) was kept at 4° in: the dark. Nitrogen mustard (methyl bis- B
;(ﬁ-chloroethy;)amine hydrochloride) ‘was prépared from Z—methylamino—
ethanol (10). .'7-Methylguanosine was prepared from guanosine following
a procedure due to Jones and Robins (11). The chromatographically
pure product was dried. dnder vacuum m.p. 158-160° (1it (11) m.p.
159-160°) .. 7-Methy1—2'—deoxygUanosine\lb 'was prepared ‘from deoxy-
guanosine by the procédure of Jones and Robins (11). The white
~crystalline product .was washed with ether and dried, 81% yield
m.p. 1352 (1it_(11) m.p. 135°). 2-Amino-5-(n-methylformamido)-6- .
(D—2'—deoxyribofuranosylamine)-A—pyrimidinal 4h was prepared from
"7—methyldeoxyguanosine by the procedure of Townsend and Robins 4in 55%

yleld (12). - S /




- at 525 nm and emission at 600 nm using the ethidium so
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-Fluorescence assays. e techniques employed in the assay for alkylation

. were similar to those used in.the assay for CLC (covalently linked .
- complementary) sequences in DNA which have been described (5,6). The
standard fluorescence solutions which were 20 mmolar potassium phosphate
. (pH 7 or 11.6), 0.4 mmolar EDTA, 0.5 ug/ml of-ethidium bromide were o
ggtored in the.dark. Aliquots of the.treated DNA solutions (5-20.ul) from-
reaction mixtures were added to 2 ml of tlie solution. The fluorescence
values were read on a Turner Spectrofludrometer model 430 with .excitatiof
lution ag blank.
- Cuvettes (1 cm, round borosilicate glass). were used and ‘the cell com- .~

partment was thermostatted at -23°,

o

Methylation of DNA by dimethyl sulfate. Unlabélled and‘[lacl~dipethy1' '
sulfate (specific activity of 13 mCi/mole) were prepared as 1 M stock -
solutions 1hracetonitrile.previduslygdpied;éver.célciud‘hydride;““ o
AqueousdeA solutions, either A or calf .thymus (5-10 Azﬁo)[in-caCOdylaté
buffer, were methylated by the addition of 20 mmolar dimethyl sulfate
in solution (15). The acid released By the aqpeous” hydrolysis of the
‘methylating agent was neutralized by additiqn of 0.3 M cacodylate
buffer pH 8.0 so that the pH did not fall below 6.  The reaction was
allowed to proceed for 1 hr‘at.37° by which time most of the dimethyl )
sulfaté was consumed either by reaction with DNA or hydrolysis. T
Rfter the methylation was completed, a 75 ul aliquot was removed and =
dialyzed at 0-4° against tHree changes of %400:ml of 0.02 M phosphate
pH 7 buffer at intervals of 6 hr. After dialysis, the methylated DNA
solution was_assayed £or_14C by .adding lO-ml,of‘sc;ntillat1q5~fluid -
(Scinti-Verse, Fisher) and counting on a, Searle Analytic Inc.. Mark IIT
. 6880 Liquid Scintillation System. Counting efficiency normally at .
60~70% was determined either by channels ratio or the external stanMard

. method. The DNA concentration was determined by uv absorption at 260 nm {

0

add the extingtion,coefficient (e) at this wavelength was ‘taken as 7000.
A 5 ul aliquot of the reaction mixture was also added .to both pH 7 and
11.6 ethidium stock solutions to measure the fluoreséence values at.

~ timed intervals 0, 10, 20, 30, 60, ‘90 and 120 min after the addition of -

'DNA samples to the ethidium test solutions.. Greater extents of ,
methylation were, achieved by using proportionally.greatér”éongentrations
‘of dimethyl sulfate. - R S o ‘ Lo
, d(C)n‘d(g)n‘(Miles Laboratories) at a concentration of 1 Azgo,was
alkylated by similar procedures with increasing concentrations of
dimethyl sulfate.. At pH 11.6 the .fluorescence showed. a complete
return to the control value (no dimethyl sulfate present) when ' :

' d(C)y,d(G)y, was incubated with 20 mmolar ‘dimethyl sulfate. ~Since about
902 of methylation of DNA occurs on G-7 (15,16,21) and because 3~methyl-
ated A shows no base catalyzed opening, the assumption is made that

' methy¥§tiqn at sites other #han .G may‘be ignored for the interpretation
of the fludrescence data (see discussion).. -

i Alkylation of calf thymus DNA by nitrogen mustard (methyl bis- (8- ,

. chloroethyl)amine). Calf thymus DNA was alkylated by incubation with
the nitrogen mustard for 1 hr at pH 8.0 at 37° in 0.25’M cacodylate '
buffer.  "The final concentration of DNA in the reaction mixture was: .
7.5 Aggp, and that of thggnitrogen mustard 10-50 mmolar. A 5 pl

v "

»
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qliqﬁotgof the hitrogen'muptard alkylated‘DNA'was\alsb addéd t0~the35-
ethidium solutions at pH 7 and 11.6 for the fluorescence assays. . Time

-dependent. studies on the fluoreseence-behavior wer also carried out
~as described above for methylated DNAs. ' T S

Alkylation of {3H]wA—DNA‘by mitomycin C;;vThe‘réact on of feducciﬁely
ctivated mitomycin C with [3H] DNA (specific activity 40,000 cpm/Agg0

~unit) was carried out following the procedure described previously. (7).

Unbound mitomycin C was removed by dialysis -against a solution of 10
mmolar ‘potassium phosphate and 0.1 mmolar EDTA at pH 11.6. The .
extent of alkylation‘was.detetminéd by absorption spe trdscogy 3) -
and the nucleotide concentration by radiocactive counting of “H. . =~

‘Extinction coefficients of 7000 at 260 nm for DNA and 11,000 for

covalently bound mi tomycin C at 314 nhfwere‘ﬁsed-(éeé.-igure 3.

Enzymatic ‘hydrolysis oféggthylated'DNA; . Calf thymus DNA (concentration

described above. The methylated DNA was tlen subjected

7.5 A60) was methylate
extent pf methylation was monitored by the loss of fluor scence as

by, [F?C]-dimethyl sulfate (100 gmolar) and the
o dialysis

“against either pH 7 or pHillx6V20,mmolar{yotassium_phosphaté‘buffer-for

N

--16. hr. The‘go;assium'phdsphate was removed by dialysis prior to the

enzyme treatment. A 100 ul aliqiot of each dialyzed methylated DNA
sample was taken and treated sequentially with the three hydrolyzing .
enzymes. The methylated DNA was, first incubated #ith pancreatic

DNAse (50 ug/ml) for 1 hr at 37° in 10 mmolar MgClj, 50 mmolar tris-

HC1 pH 7.5 buffer. Snake vengm phosphodiesterase .(final concentration

50 ug/ml) was then added and the incu§ation period was continued for
ariother hour.. “Findlly the DNA hydrolyzate was treated with bacterial

- alkaline 5'-phosphomonoesterase (E. . C. 3.1.3.1) (72 ug/ml) at 37° for .

1 hr. The hydrolyzate was concentrated by gentle blowing of nitrogen

- and éavéa‘for‘the paper and thin layer chromatography studies. .

. Sedimentation studies on methylated DNA. Methylated A-DNA or calf

thymus DNA as well as native DNAs were dialyzed against 20 mmolar

- potassium phosphate buffers at pH 7 and pH 11.6. The molecular weights

of the DNAs after dialysis were determined from sedimentation velocity -

measurements using .a‘Beckman Model E analytical ultracentrifuge

 equipped with a scanner (18). ) . ..

Paper Chromatography: Nb.‘1~whétman.péﬁer.was used ingiéscending'paperv'

.,'chromatography.. The developing solution was taken from the upper layer

of a (1:1) 2-butanpl-water mixture (14). Radiolabelled deoxyribonucleo--
sides from the enzyme hydrdlysis of the 1Z’C-me'thylat:ed calf. thymus DNA -

" were spotted together with authentic deoxyribonucleosides and methylated .

deoxyribonucleosides. - The chromatogram was_developed for 30 hr, dried
and cut' fnto 2 cm-wide strips. The radiocactivity was counted in a -
scintillation counter. The locations of the bands and the authentic
unlabelled,stanqards_were'visualized'under uv light (see Figure 5).

Thin Iayer'chfomafqgggﬁﬁ;%‘ Compodnds 1b and 4b (seé Scheme) are well

‘separated on, silica gel SilG-25 precoated plates (Macherey-Nagel Co.,

_ Doren, Germany) using ethanol:water (7:3) as eluant. The deoxytibo-
3 ) , .

[ . .. ) E »
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nucleosides from the enzyme hydrolyzed [IAC]—methylated DNA were
accordingly separated by silica gel thin layer chromatography. The’
cpm were plotted as before along with the locations of authentic
unlabelled standards visualized under uv light.

' . ~ - B _ .
UV_Absorption spectra. 7-methy1deokyguanoé;he 1b was prepared as a
10-3 M solution in distilled water. A 50 yl aliquot of this solution
was diluted to 1 ml with potassium_phosphqﬁe buffers (0.05 M) of
- different pH values. The final concentration of 1lb was 5.x 1075 M in

" puffer. The uv spectra were determined at timed intervals, 0, 0.5

" ‘and 2 hrs. ,
o
|

RESULTS :

. pH Dependence of Fluorescence Loss Due to Reaction of DNA with Dinethyl -
- .Sulfate. Methylation of A-DNA causes a progressive loss of fluorescence:
‘as measured in the ethidium assay (Figure 1) and the fluorescence loss

is also strongly pH dependent. In the pH 7 ethidium.solutiong,the loss
of  fluorescence shows a linear dependence with the extent of methylation«

However, at pH 11.6 the loss of fluorescence is no longer linear. A-DNA |

- with relatively low degrees of methylation (V4% modified dG) shows

similar fluorescence values at pH 11.6 to those at pH 7, but as the
extent of methylation increases, the fluorescence loss 1s more pronounced

“at the higher pH values. Native DNA shows. the same ethidium fluorescence
values independent of pH. o L ' -

©

- The results of equilibrium dialysis of ethidium against metﬁylateé

~ A-DNA show less ethidium is bound to the alkylated.DNA than to the

native DNA (see Table 1). This rules out' the possibility that -the.

observed loss of fluorescence is due to quenching by the methylated

residues in the DNA: . In pa 1lel experiments a sedimentation study

showed that a reduction in the moleculat weight of the DNA was not itself
responsible for the losses of fluorescence noted earlier.

Binding of ethidium to alkylated DNAs. The.binding constants of ethidium
to the dialyzed methylated DNAs were determiged in 20 mmolar potassium
phosphate buffer at pH 7. Both primary (intercalative) and secondary
binding were observed from the Scatchard plots, the mathematical treat-
ment of which followed that of Le Pecq and Paoletti (4). Binding
constants and total binding sites for the primary binding are given in
Table 2. The results clearly indicate that the binding .constant of
ethidium was not altered by methylation; however, the total number of
binding sites is decreased in proportion to the extent of methylation.
Thereforge, Fhe:fall in fluorescence correlates well with the loss of o
binding sites. One per cent of methylation of the DNA bases causes a

six to eight per cent loss of fluorescence. This implies that for each
methylation event, 3-4 nucleotide base pairs were eliminated as potential
intercalation, sites for the .ethidium dye. By contrast, the larger
molecule mitémycin C causes a proportionately greater destruction of
intercalation ‘sites (7). (One per cent alkylation by mitomycin C causes
. a nine to twelve per cent loss of fluorescence). :
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Time)dependent fluorescence change of methylated DNA. The fluorescence
of ethidium bound to methylated DNA showed not only a pH dependent
decrease but also a marked time.dependence in the assay at 11.6. As
shown in Figure 2, when the methylated DNAs were added to pH 11.6
ethidium buffer, a marked initial decrease in‘fluoresbence as compared:
 to native DNA was observed. The fluorescence.of methylated DNA gradually
returned to a higher wvalue with time, although the control native DNA:
showed a consistent unchanged value. In the first ten minutes or so the
fluorescence intensity of the former increased rapidly, then the increase
slowed and reached a plateau in about two hours.. For DNAs with lower
degrees of methylation (<4% deoxyguanosine residues methylated) the
-fluorescence returned to the value of native DNA. However, for greater o
extents of alkylation (>6%'dG modified) the recovery in the fluorescence.
. was much slower and the fluorescente did not return to that of native

- DNA. The permanent fluorescence loss of highly alkylated_DNA was shown.
to be partially due to an increase in the proportion of single-stranded

" DNA after dialysis vs pH 11.6 buffer as measured by the hydroxyapatite
method a7.

In contrast to methylation, alkylation of DNA- by mitomycin C showed
' distinctly different behavior where the fluorescence loss for a given
extent of alkylation was independent of both pH and remained constant in
the ethidium buffer at pH 11.6 (see Figure 3 and 4).

/; It has been demonstrated by Lawley (21), Uhlenhopp and Krasna (15)
‘and by Singer (16) that the principal methylation sites on DNA are the
_'7—position of guanine and the 3-position of adenine in a 6:1 ratio ,

when dimethyl sulfate. is used. Dimethyl sulfate was selected in the
‘present work because.of the Sh2 charactér of 1its reactions to. minimize
phosphate esterification (19). Since no change of the uv spectrum of
3-methyladenosine upon alkaline titration has been reported and in view
- of the known chemistry of 7-methylguanosine, we consider that the return
of fluorescence with time is best explained on the basis of the
_following model (see Scheme) although we emphasize that the scheme 'is
hypothetical and other mechanisms may be. possible. .

Normaily on amidic protonwat N-1 on deoxyguanosine has a high pKa value.
However, quaternization at N-7 results in a considerable lowering of the N
. -pKa so the transformation to the zwitterion 2 occurs readily (see Scheme).

- The structure 2 would be expected to be unstable at high pH (N10) and
this results in a slow opéning of the imidazole ring via 3 to give 4,
Removal of the positive -charge at N-7 in ,this process’ restorés the
amidic N-1 proton to its normal pKa value. If exclusion of ethidium
- from potential binding sites is primarily due to charge repulsion for
 low levels of methylation, tH@n the high pH, conversion of 1 to 4 with . |
the concomitant removal of positive charge would permit a slow recovery
of the ethidium fluorescence. For higher levels of- methylation partial
-denaturation as well as charge repulsion may be responsible for fluor—
escence loss, so that renaturation by restoration of hydrogen bonding
in the ring-opened product may be the’ major cause of the retugn of
fluorescence. When >6% dG residue aré modified, some irreversible
denaturation occurs and the fluorescence no 1onger teturns to the cdntrol
values. ‘ ~

o
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Enzymatic hydrolysis of;lk C] ﬁet;jléted'DNA' To test this hypothesis,

[1%C] methylated calf thymus DNA was dialyzed against both pH 7 -and pH
11.6 potassium phosphate buffers and then subjected to enzymatic -
hydrolysis to identify the primary. products of alkylation. - The DNA was
treated sequentially with (1) pancreatic deoxyribonuclease, . (11) snake
venom phosphodiesterase and (111) bacterial alkdline 5'-phosphomonoester-
ase.- The hydrolyzaté® was "ther subjected to paper chromatography and the

. results are shown in Figure ‘5. On the paper chromatogram ‘the methylated

. DNA, after dialysis against pH 7 buffer and enzymatic hydrolysis, showed

- a radioactivity peak which _correspond to 7—methyldeoxyguanosine. In o
.coptrast, when. the DNA was dialyzed against pH.11.6 buffer, the radio-

active peak corresponded to the ring-opened product from 4. In Pth

[ - “
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instances there were significant counts at the origin.and this presumably
arises from some polar material (e.g. nucleotides) from the incomplete
hydrolysis of DNA. The thin layer chromatography substantiates these
results confirming that the rirng-opened material predominates at the .
high pH. 7-«Methyldeoxyguanosine residues in DNA are readily depurinated V
by acid and it was observed that even on the silica gel plate, compound

1b decomposed partially to 7—methylguanine.

' UV‘spectra of 7-methyldeoxyguanosine and its pH dependence. Independent
‘evidence for the transformations of scheme 1 and estimates of their

rates were obtained by examining the effects of pH on the uv absorption
spectrum of 7-methyldeoxyguanosine (Figure 6) which has been examined

by Brookes ard Lawley (22) and others (23-24). At pH 2.4 1b showed an
absorption maximum at 253 nm and a shoulder bétween 270~-280nm- ' As the
pH of the solution was Increased, the absorption at 253 nm immediately
decreased and a new maximum appeared at 281 nm so that at pH > 10, the

~ 281 nm peak was the only one observed and is ascribed to the zwitterion
-2b. The latter was unstable at pH > 10 and was slowly transformed’ into "
.4 new species which exhibited a maximum at 267 nm and which was
identified as the imidazole ring-opened species 4b (Figure 7). (The

half 1life of 2b at pH 11.6 is approximately 30 min.) The latter ’
process, unlike the essentially instantaneous lonization of 1lb, occurred ’
over a period of 1 hr, closely comparable with the rate of the time
dependent fluorescence recovery noted earlier.

'DISCUSSION

The pH dependence of the ethidium assay is evidently quite different
on the one hand for methylation and on the other hand for reaction with
mitomycin C. Quite similar fluorescence behavior as was observed for .
methylation was exhibited for reaction of nitrogen*mustard with DNA.
This produced results closely similar to those,shown in Figures 1 and 2.
- Nitrogen mustard has ‘also been shown to alkyl§#e predominantly at the \\
N-7 position of deoxyguanosine (20). The strong pH and time dependence
of the ethidium fluorescence of methylated DNA is tentatively ascribed
" to’a slow base catalyzed imidazole ring opening characteristic, of
7-alkylation of deoxyguanosine residues at high pH. The N-1 proton
of deoxyguanosine in DNA will have a higher pKa than that of free
7-methyldeoxyguanosine (V7) since this proton is involved in hydrogen
" bonding with a deoxycytidine residue of the complementary strand of the
.double helix. At pH 7 the methylated DNA bihelical structure is
“relatively stable since the Watson—-Crick hydrogen- bonded base pairing
i1s°still intact. Therefore at neutral pH the loss of fluorescence :
" which is linear with the extent of methylation, may be attributed largely )
~ to the charge repulsion between the quaternized bases and the positively ”
charged ethidium. At high pHs (>10). dissociation of the N-1 proton of
the 7—methylguanosine residues occurs resulting in disruption of the
- G~C base pairing. This breakage of the hydrogen bonding does not !
irreversibly disrupt the bihelical structure until greater extents,of
methylation were reached (>6Z2dG). This results in more extensive
disruption of the duplex as mozxe hydrogen bonds are broken and eventually
effects separation of the strands. : :



The loss of fluorescence of the methylated DNA" becomes more pronounced
at pH 11.6 than at pH 7 and is progressive with greater extents of

- methylation. The model studies as well as evidence in the

literature (16,21,22) confirm that at high pH there is a slow base _
catalyzed imidazole ring opening of only the 7-alkylated bases. After
the ring opens and the positive charge 1is removed, the N-1 proton of
the guagnosine is less acidic. The return of the N-1 proton restores

the cooperative hydrogen bonding between the G-C pairs and consequently -

one observes the gradual return of fluorescence. With low extents of
7-alkylation the original DNA duplex structure is completely restored
‘whereas with higher deB8rees of 7-alkylation the resulting duplex
destabilization permits only partial restoration. The distinctly

‘different behavior with .mitomycin C is consistent with this interpreta-

tion. Mitomycin C is known to alkylate predominantly the .guanine
residues of DNA and recent work by Tomasz has ruled out the N-7 position
(13). 1In addition for a given extent of alkylation, mitomycin C results
in a greater fluorescence loss. This suggests that whereas charge .

repulsion may be the primary cause of loss of fluorescence by/ﬁethylation,

- in the case of alkylation by mitomycin C, both charge repulsion and\
steric hindrance may also be factors in fluorescence/loss.
~—
. Regardless of the precise interpretation of ‘the fluorescence
recovery, the loss of ethidium fluorescence is.a useful parameter for
measuring the extent of alkylation of DNA."
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in connection with this work. This research was supported by-grants
to J.W.L. from the National Cancer Institute ‘'of Canada, The National
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TABLE 1
Equilibrium Dialysis of Ethidium versus Methylated and L
Native DNAs : .‘ﬁf
[Ethidium] free (M) ‘ [AEthi_dvium] Bound (M)
. ) - . 1 M
[ .
: Nativel -7 _ PP ‘ -6
© ADNA 5.2 x 10 " o ‘ 9.0 x 10 =
Methylated ' - R -6
DNA (at pH 7) 12 9 x 10 ' - 7.4 x 10
s .26 | D R )

. 20,w

2 26 " 28. 53 This sample corresponds to 3.05% methylatiox/in
’

"DNA nucleotides ' o T S
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FIGURE 1

'FIGURE 2

" FIGURE 4

FIGURE 5

FIGURE 6

FIGURE 7

s

LEGENDS TO FIGURES

Decrease in relative ethidium fluorescence produced by pro-
gressive [ 4C] methylation witﬂ 0, 10, 20, 30 etc. mmolar.
dimethyl sulfate at 37° for 1 hour as a function of pH.. The
extent of methylation was determined by radioactive counting.

Time dependence of fluorescence at pH 11.6 of .ethidium bound
to A-DNA treated with dimethyl sulfate (DMS): '
&  native DNA; @ 20.mmolar DMS; vV 40 mmelar DMS;
A 60 mmolar DMS 0 70 mmolar DMS. - o

Binding of ethidium at pH 7 and pH 11.6 to A-DNA alkylated
with mitomycin C: o pH 7 ethidium buffer; ¢
pH 11.6 ethidium buffer.

Time dependence of fluorescence at pH 11.6 of ethidium bound
to A-DNA treated with mitomycin C (MMC) -and NaBH4: O

native DNA; X ~ 0.25 mmolar MMC and NaBH,; < 0.36
mmolar MMC and NaBH,, * % 0,48 mmolar MMC and NaBHa.
14

[~cy radioactivity scan of paper chromatograms of enzyme
hydrolyzates from [ 4c) methylated calf thymus -DNA dialyzed
against pH 7 and pH 11.6 huffers. Strip 4 corresponds to
7-methyldeoxyguanosine, strip 5 to the ring opened nucleoside
4b and strip 7 to deoxyguanosine '

pH dependence of the uv absorption spectrum of 7-methyl 2'-
deoxyguanosine as 5 x 10~ 5 M in 0.05 molar phosphate buffers.

Time dependence of the uv absorption spectrum of 7-methyl-
2'-deoxyguanosine 5 x 107° M at pH 11.6, 0.05 molar phosphate
buffer. ‘
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" APPENDIX 2 o . | o

_ During attempts to incorporate deoxynucleoside analogues into
d(TC) 'd(GA) in 3hder to ascertain which sites could be involved in

stabilizing the muitiplex structure via hydrogen bond formation,»a

3

method that was useful for a small scale reaction was developed to

convert the appropriate deoxynucleoside 5'-monophosphate to the

l L)

corresponding 5'—triphosphate. The enzyme, phosphoenolpyruvage
Synthetase, isolated and studied in this department by Suree
Narindrasorasak, proved immensely helpful. In collaboration-with .

i

Dr. Malcom MacCoss of the Chemistry Department who supplied most of

‘the adenosine 5'—monophosphate analogues we have determined the -

i}

specificity of this enzyme. Recently,.we have also been able to show_

that deoxytubercidin 5'-monophosphate and 6—Me deoxyadenosine 5'

@

monophosphate ‘are substrates as would be expected since the correspond— .

.

ing ribo analogues are substrates.

&

.8

R
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THE ENZYMATIC'SYNTﬁESIé OF ‘ATP ANALOGUES -

N . ) ‘ . ~ s e
Doug Johnson*, Malcolm-MacCoss**, and Suree‘Narindrasorasak*
. »
Department of Biochemistry* and Chemistry**
University of Alberta, Edmonton, Alberta, Canada T6G 2ZH7

ABSTRACT., The enzymatic synthesis of selected adenosine 5'—triphosphatel
nalogues from their respectibe 5'-monophosphates has been achieved using
phosphoenolpyruvate synthetase. Adenosine 5'—monophosphate analogues
altered at positions 1, 6, 7, 8 or 9 of the purine ‘ring, or at the

ribose 2'- or 3'—positions are substrates with 30% conversion to the L
nucleoside 5'—triphosphate. '

%

INTRODUCTION :

. ) B 0 . )
. Phosphoenolpyruvate synthetase'cstalyzes the phosphorylation of
pyruvate from the B-phosphate of ATPl via an enzyme—phosphate inter—-
mediate (Cooper and Kornberg, 1965 and 1967) S _ .

(3

: ATP +. pyruvate wm— AMP + Py + phosphoenolpyruvate

We have used the reverse reaction to . synthesize a variety of ATP -
analogues modified in the sugar or purine ring moieties without any -
need. for .the protection of reactive groups. Also radiolabelling .of the
8- or vahosphate positions of’ these analogues is possible. . ..

From the variety of analogues ‘tested we can infer which positions
on AMP are involved in substrate recognition.

MATERTALS AND METHODS:

. Nucleosides and nucleotides were purchased from the following sup-
pliers: Calbiochem (rAMP, rCMP, rCTP, rGTP); P.L. Biochemicals (rATP,
dATP, l—MEAMP ‘6-MeAMP, rGTP, rTu); Pfanstiehl, Gérmany (araA); Raylo,
Canada (dAMP), Sigma (rIMP, rITP). Nucleosides were chemically phos-.

l_ phorylated to their 5'-monophosphates by the method of Yoshikawa et al

- (1969) and purified by chromatography on Dowex lx22(formate) developed

_ Lyvp refers to any .nucleoside 5'-~monophosphate, NTP to the 5'-tri-
phosphate. rTu and araA are abbreviations for tubercidin and 9-8-D-
arabinofuranosyladenine (structures of respective 5'-monophosphates
‘given in Fig. 1). Abbreviations for methylated adenosines are t:
from the Handbook of Biochemistry, Chemical Rubber Co.,

\
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with a linear gradient of formic acid (M.J. Robins and M. MacCoss, to be
'published) Adenosine detrivatives methylated at the. 2'- or 3'-positions v
were prepared by methods described by Rabins et al (1974) . 6,6~ Uez—' '
adenvsine .was prepared from"the b-ch oropurine riboside with anhydrous .
dimethylamine (sée Robins et al (1976). .for analogous preparation)., a
AMPOX-RED was prepared by ‘the method of Smrt et al (1975) with minor' e
modifications. i o . P

. - Phosphoenolpyruvate synthetase; ‘purified from lactate-grown
Escherichia coli by the method of Bexrman. and Cohn (1970) was judged 90%
pure by polyacrylamide gel Electrophoresis. The assay conditions for
the forward reaction were 0.1 M Tris HC1 pH 8.0, 10.mM MgCly, 2 mM
pyruvate, 1 mM nucleoside 5‘—triphosphate and-15 jig/ml enZyme (specific

‘activity 19 U/mg in forward direction) and for the reverse. reaction

- 0.1 MKPy pH 6.8, 20 mM MgClz, 10 mM phpsphoenolpyruvate (Sigma),

10 mM nucleoside S'-monophosphate and 130 ug/ml enzyme. . Both reactions

‘'were incubated at 30°C. Synthesis of NTP was monitored-for up to 16
hours by thin layer chromatography on cellulose sheets (Eastman #13255)
with isobutyric acid/ammonium hydroxide/H20 (60/1/40 by volume) -as
solvent and on P.E.I. cellulose sheets (Baker). with 1.6 M LiCl as
solvent (K. Randerath and E. Randerath, 1967) ’

" .
Reaction products were separated by DEAE Cellulose chromatography

with a linear gradient 0 - 0.6 M in triethylammonium bicarbonate pH ..
7.5 (Smith -and Khorana 1963) and concentrated by lyophilization.

RNA polymerase reactions were performed with E. coli RNA polymerase
(Burgess, 1969) in a reaction mixture containing 50 mM Tris HC1 pH 8:0,
10 mM MgCly, 50 ug/ml dTC-dGAJ 0.25 mM 14C—GTP (9,200 cpm/nmole), 0.25 -
mM rATP analogue, 200 ug/ml RNA polymerase.‘ This polyribopurine synthe-
~ 8is can be distinguished from contaminating poly rG synthesis by
_ observation of the kinetics of synthesis.

%

RESULTS AND DISCUSSION:

.~ Figure 1 gives the structures of the less common AMP analogues, and
the ability of various dnalogues °to act as phosphoenolpyruvate synthe-
tase substrates for both the forward and reverse reactions is summarized
in Table 1. As expected, at no time was ribonucleoside 5'-diphosphate

,synthesis observed. : o
, In the reverse direction dAMP, araAMP, 3'-MeAMP, 6-MeAMP, TuMP,

FMP and 'AMP can be phosphorylated with =30% recovery of the NTP from a
DEAE Cellulose column. 2'-MeAMP is converted to the triphosphate with
. .about 15% recovery and 1-MeAMP is phosphorylated with 5 - 17% recovery.

_This variability is probably due to the insolubility of this analogue:

~ under the reaction conditioms. - 6,6-Me,AMP, AMPOX~RED .and oAMP (the
1'-epimer of 5'-AMP) are not substrates and 6,2’ -Me ) AMP is phosphorylated
to a very low extent. The 6-keto nucleotides IMP and GMP and the 4-
amino pyrimidine nucleotide CMP cannot substitute for AMP in the reverse
reaction nor can the corresponding 5'-triphosphates substitute for ATP

in the forward direction.»
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. TABLE 1. .Substrate Recognition By Rhosphoenolpyruvate Synthetase

Q. . -

e L REVERS’E REACTION " FORWARD REACTION:
h 4 Isolation of NTP' - .Initial Reaction .
e . G ‘by DEAE Celiulose s, Rdte of Analogue TN
COMPOUND = e Cﬁromatography Compared to ATP! o
AMP/ATP o . ;34‘ RS T 1.00
dAMP/dATP " = BRI 33 ( ; 0,33
2'-MeAMP .. 15 : . ND* ¢ -
. 3'-MaAMP v : 24 . ND ; -
" 1-MeAMP T T 5-173 © ° e L NDY . o
- 6~MeAMP/6-MeATP = o 34 L - 0.23
'6,6-Meo-AMP R : 0. o ND,
6,2'-MepAMP'" - . 1 , S < ND -
araAMP/araATP . .. . 28 " 70.31°
. -aAMP L S o ND
. AMPOX-RED * - I 0’ : - N - 7
‘TuMP/TuTP o 29 0.71,-.
'FMP/FTP ‘ . - 28, L 0.42
GMP/GTP . S0 L 0
. IMP/ITP S T 0. o : 0 N
..CMP/CTP .0 -0
; 'lAs describéd in Materials ‘and Methods. . : : BN /7

Percent of ultrav1olet absorbing material (A = 260 nm) eluting as NTP .
Variable, see text. e . " . - .
. *ND," not' determined. e R , 3

3

[ ’ - .
4 ) ! i . »

*Although dATP, 6—MeATP, araATP, TuTP and FTP are' ultimately syn~
- thesized to the same extent as ATP, their initial rates for the forward\
" reaction are very different: Compared to ATP these range, from 0.23 for
6-MeATP to 0.71 for TuTP. .Thése NTPs were also checked . as substrates for
. E. coli RNA polymerase and each was incorporated-into polyribopurine o
" (data not shown). As expected araATP showed less than 3% synthesis com- ,“
'pared to ATP (Cohen 1966). o S . o7 N

[y RN D E >
: . R . N

Several conclusiops can be ‘drawn from an evaluation of the substrate
specificity. , Firstly, the 2'- or 3'~positions appear unimportant for N
recognition since AMP, dAMP, araAMP, 2"'~MeAMP and_3' -MeAMP are all sub—
strates. The .lower yield of 2'—MeATP ‘may reflecﬁ a steric problem and'
this would preclude the phosphorylation of AMP analogues by this method
if the 2" substituent is -even bulkier. Removal of the structural rigidity
.of the ribose ring as in AMPOX-RED results in a’ loss of substrate recog- °
nitioén. - As expected, the configuration at the anomefiq centre is also

. 1mportant since ¢AMP is not a substrate.. With regard to the heterocyclic .
base, variations in the imidazole ring are tolerated since both TuMP and “
'FMP are substrates. Methylation of the 1-position does  not result in a

loss of recognition. . If .the 6-amino is monomethylated, recognition is
not affected but dimethylation atgthe 6-position results.in a complete
. lack of synthesis. Replacement ol the 6-amino by oxygen, as in IMP or
GMP, results. in no synthesis of the corresponding tripHosphate. These .
last results indicate that of the various positions tested only the 6-
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amino is directly involved in, substrate recognition, presumably forming
"a hydrogen bond to the enzyme. Since the 4-amino pyrimidine CMP is not
phosphorylated the purine ring moiety is necessary.

4 In comparison to chemical methods of NTP synthesis (Smith and.
Khorana, 1963) ‘this’ enzymatic synthesis 1is 1imited both by substrate

_ recognition and reaction scale since it is not ‘suitable for the ‘
routine synthesis of mmoles of NTP without a large. enzyme supply (yield.

from 1 kilogram of cells is about 200 mg).. However, it is convenient
for the synthesis of 25 - 50 umoles of a particular NTP without the
need for blocking agents and requires no "seed" NTP as does a previously
described enzymatic synthesis of FTP (Ward, Cerami and Reich, 1969).
Since the B- phosphate idxderived from phosphoenolpyruvate and the Y-
phosphate from buffer, Specific radiolabelling should’ also be possible.

-
N2 -
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Figure 1. Strhctures of various AMP analogues.
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Teritdgi”deoxynucleotidyl transferase (TbT) isolated from calf
thymus was used to aynfhesiZe'the random d(Py)n'd(Pu)n DNAlfhat was used
in the replication and multiplex studies. .Initial attempts to isolate.

. ! 0

TDT by the modified procedure described in the text resulted‘in fhe
isolation of a new TDT, designated TDT2, which has similaf enzymatic .
- properties as TDT1 but differs in molecular Qeighf and has the ability
to:copy a'DNA template.. The data'pfesented suggest~thaf both TDT1 and
TDT2 are de;ived from a DNA polymerase and make an in vivo role for
TDT unlikely

o In addition to. the: discussion in this paper, several other conments
can be made concerning l_ this area of research.

fThe detection of IDT‘acfivity in_partialiy purified extracts‘by

the use of assay syetems containing DNA (natiye; activated, denatured)
vas primefjand a low (typically uqmolar) concentrafion of one deoxynucleo-
'side 5'—triphosphace of very hign specific activity (typically 23 mCi/

" ymole) mayylead t0vinaccu:ate'reéuits} This activity may be DNA poly_
meraee‘since'quantitation of_fhe oBseryed synthesis revealé"N I residue
incorporated per 106—107 daltons'of DNA (Sfiyastava, 1974)‘a terminal '
addition that could be catalyzed by a DNA polymerase. A recent'renort
of the isolation of ""IDT" from germinating wheat embryo (Brodniewicz+
.“Proba and Buchowicz, 1976) also could be criticized on-these grounds.
Hence), more thorough analysis of purified fractions is necessary before

= i

1
‘the presence of TDT can ‘be confirmed and qyantitation of the extent of

incorporation iSIimportant.

‘Both TDT1 and TBT2 are inhibited 20 fold,by the subs;Z}utionfof

203
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’;acodylate with Tris buffersl This effect of Tris’buffera-héq been
noted before but does not apbear reproducible by different experimenters
: (Kung_gg_glJ 1976). Ho&eQer, thé uée of Trig as a buffer for the
“peaéurement Qf TDT activity (Marcus et al, 1976; Srivastava, 1974;
. —
Sasin and Gallo, 1974) may lead to low estimates of TDT activity.

Also diffgren; authors Aave used various tempiates and dNTP sub-
strates for their asséy‘systems which makes direct comparisons
impossible. In £his respect the use of Mﬁ++ may also be suspect since
it 1s kngwq tobéhange Ehe speéificity of E. coli DNA polymerase 1

towards nucleoside 5'—tfiph08phates (Kornberg, 1974) and may be altering

the activity and sbepificity of the observed TDT.

204
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THE ISOLATION OF A HIGH MOLECULAR WEIGHT TERMINAL DEOXYNUCLEOTIDYL

TRANSFERASE FROM CALF THYMUS#*

Douglas Johnson** and A. Richard yorgan

Department of Biochemistry .
. ‘University of Alberta . , -
Edmonton, Alberta, Canada, T6G 2H7

SUMMARY: - A new terminal deoxynucleotidyl transferase (TDT)l has been
isolated from calf thymus of higher molecular weight than that origin-
ally isolated by Bollum (1962). The enzymes are probably metabolically
related as one or the other is found depending on the purification
procedure. However, a direct conversion from one to the other has not
been achieved. Although most of the enzymatic properties are very
sjmilar in contrast the new TDT also has the ability to use a template.
This suggests that TDT's may be proteolytic degradation products of
template-requiring DNA polymerases. Thus the finding of TDT's in a
 variety of rapidly metabolizing cells could be due to the uncovering of
proteolytic activity rather than the synthesis of a new class of 4
'template—independent'polymérases.

n

INTRODUCTION:
- Terminal deoxynucleotidyl transferase (TDT)l catalyses the primer-
dependent but template independent polymerization of deoxynucleoside
5'-triphosphates. First detected in calf thymus extracts and purified

by Bollum (Bollum, 1962), similar activities have recently been
reported in various normal and malignant human cells grown in culture
(Srivastava, 1974) and is%iated from the whole blood cells of patients
‘with acute lymphocytic léakémia (McCaffrey et al, 1973) or with chronic
myelogenous leukemia in blast crisis (Sarin and Gallo, 1974) and from
the periferal blood leukocytes of a patient with chronic myeloblastic
“leukemia (Bhattacharyya, 1975). Although ‘the in vivo function of TDT
is unknown, .speculation has centred ‘on its apparent relation to the

Mn this paper TDT1 refers to the enzyme originally isolated by
Bollum and TDT2 to the higher molecular weight enzyme described here. =
Other abbreviations used are: CCC DNA for covalently-closed circular DNA,
OC DNA for open circular DNA, pOHMB for p-Hydroxymercuribenzodte, NEM
for N-ethylmaleimide and SDS for sodium dodecyl sulfate. pT4—5 refers to
a mixture of pT, and pTg, dNTP to the deoxynucleoside triphosphate., - ’
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thymus, suggesting a function in the immune system (Baltimore, 1974).
Its use .as a diagnostic tool for certain leukemic states has also been
proposed (Sarin and Gallo, 1974).

This communicatien desctibes ‘hé jsolation and characterization of
a second TDT from calf thymus, distinct from Bollum's enzyme, with a
higher molecular weight. However, they may be related in that depend-
ing upon the experimental conditions used for purification either TDT1
or TDT2 (but not both) is found. '

MATERIALS AND METHODS: | , . 9

The isolation of TDT2 uses many of the purification steps deséribed

by Bollum (Bollum, 1968) with the order rearranged to facilitate the

purification. At no stage was a low pH (i.e. <7.0) incubation as des= ~

cribed by Bollum included. TDT activity was measured (Bollum, 1968)
at 37°C with pT4-5 as primer in reaction mixtures, containing 40 mM
Na. cadodylate pH7.0, 1 mM dithiothreitol, 1 mM dNTP and either 10 mM
MgCl, or 1 mM CoClj. ‘DNA polymerase (which copurifies with TDT during
the early stages of purification and can be used as a marker for TDT)
was detected by an ethidium fluorescence assay - (Morgan and Pulleyblank,
1974). The reaction mixture contained 50 mM KPj pH 7.5, 1 oM of each
dNTP, .10 mM MgCl,, and 1 Ajgg of heat—denatured calf thymus DNA. 1@ ul
samples were added to 2 ml of the high pH ethidium assay mixture. e
product is mostly covalently-linked complementary DNA as indicatedg
the return of fluorescence after a heating and cooling cycle. U

The modifgéh procedure is as follows: 450 g of calf thymus were
suspended im 50 mM Tris HC1 pH 7.5, 100 mM NaCl, 1 mM EDTA and disrupted
using a Colloid Mill (Gifford-Wood, Hudson, New York). After filtration

through cheesecloth and removal of chromatin by centrifugation (23,000 g,

20 minutes) polymerase activity was precipitated by the addition of
solid (NH4)SO4; to.50% saturation and centrifuged at 8,000 x g for 15
minutes. The pellet was suspended in 0.2 M KPj pH 7.5, 1 .mM.2-mercapto-
ethanol (Buffer B) and the iomic strength lowered to that of Buffer B
with the addition.of 50 mM KPj pH 7.5, 1 oM 2-mercaptoethanol. Nucleic
acid was removed with DEAE cellulose equilibrated in Buffer B (Bollum,
'1968) :by a batchwise proceduré. After the removal of adsorbant by
filtration, the filtrate was diluted 1l:4 with 1 mM 2-mercaptoethanol and
protein adsorbed to phosphocellulose (500 ml packed volume) for chroma-
tography (Bollum, 1968). ‘ ' c "

Fractions with DNA polymerase activity were concentrated, resuspend-
ed in 0.1 M KP4y pH 7.5, 1 mM 2-mercaptoethanol and after dialysis -against
the same buffer, chromatographed‘on Sephadex G-100 (Bollum, 1968). TDT
activity was pooled and chromatographed over a single-stranded calf

thymus DNA-agarose column (Schaller et al, 1972) and eluted with a linear

KCl gradient in 25 mM KPj pH 7.5, 1 mM EDTA, 1 mM 2-mercaptpethanol, 5%
(v/v) glycerol (TDT2 activity eluted as a single peak at v65 mM KCl).
Subsequent purifications over Sephadex G~100 were with this same buffer
at various KC1 concentrations. For comparative purposes TDT1 was :
isolated by the normal procedure up to and including Sephadex G-100
chromatography (Bollum, 1968). One unit of TDT activity incorporates 1
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nmole of .dNTP per hour at 37°C.

' Heat denaturation of TDT2 was performed at 50°C in 25 mM KPfpo 7.5,
1 mM EDTA, 1 mM 2=-mercaptoethanol, 50% (v/v) glycerol. Endonuclease
activity was measured fluorometrically (Mprgan and Pulleyblank 1974)
.with PM2 CCC DNA as substrate in 30 mM KP{ pH 7.5, 10 mM MgClp, 1 A2g0
_PM2 DNA at 37°C. Exonuclease activity was also meaSured fluorometrically
~with heat denatured calf thymus DNA as substrate in a reaction mixture :
containing 20 mM KP; pH 7.5, 10 mM MgClp, 1 Ajgo DNA. One unit hydrolyses
1 nmole of DNA phosphate per hour at 37°C.. < '

SDS polyacrylamide gel electrophoresis was performed as described
by Weber and Osborn, 1969,

RESULTS:

During attempts to isolate TDTl a second, ‘distinct TDT activity
was isolated when the purification procedure was modified as described
in Materials and Methods. With this procedure all the TDT was of a
higher molecular weight than TDT1 (32,360 daltons Chang and Bollum,
1971).

Figure 1 shows the elution profile of this activity on Sephadex
G<100. The excluded peak is DNA and the elution position of TDT1 is
marked by the arrow. This new activity has a much higher molecular
weight than TDT1 and its elution position is not changed by the addition
of KCl1 to the eluting buffer up to 1.0 M or increasing the buffer
concentration to 0.1 M KPy. Calibration of the G-100 column shows the
activity to be included to a slightly greater extent than E. coli DNA
polymerase 1 (105,000 daltons) but eluting well before bovine serum
albumin (68, 000 daltons). SDS polyacrylamide gel electrophoresis of’
TDT2 (Figure 2) shows essentially one peak of 79,000 daltons with
E.fcoli RNA polymerase subunits as markers. Contamination by TDT1'

- should give a band at 26,500 daltons (B subunit, Chang and Bollum, 1971);
“however, even when the gel was deliberately not completely destained,

© no discernable band at the expected position was detectable. These

data suggest-that TDT2 is a single polypeptide of 79,000 daltons distinct

from TDT1.

SRR

We have been able to obtain fractions with a specific activity of
10,000 units/mg (with dATP as substrate in the presence of Mg*t*) which
“also suggests that this activity 1s not 'due to a slight contamination
with TDT1 (which is not yisible in SDS gels and would have to chromato-
graph anomalously on G-100). . Although this TDT2 activity, can be
repeatedly chromatographed on G-100, eluting at the same position as in
Figure 1, it appears unstable, losing actfﬁity rapidly upon manipulation.
“The TDT2 used in the subsequent experiments was stable stored in 507
(v/v) glycerol at -20°C for- 1 year. _ : o

Some properties of TDTZ are summarized in Tables 1 and 2. With
respect to substrate specific TDT2 resembles TDT1+£referring purine
dNTPs with. Mg present and py¥imidine dNTPs with Co present. However,
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-unlike TDT1 there seems to be slightly better polymerization with Co++
‘even with purine dNTPs. Table 2 compares some properties of TDT2 with
TDT1l. ‘Both activities depend on exogenously added primer and are :
"inhibited by NEM, pOHMB and SDS to about the same extent’'when these are '
included in the reaction mixture. The presence of Triton X-100 has a
similar .effect on both activities (Chang and Bollum, 1971; Kato et al,
1967). The use of Tris buffers at pH 7.5 drastically reduces the
observed activity for both TDT1 and TDT2. The two enzymes have
different pH optima (7.5 for TDT2 compared to 7.0 for TDT1l) and con-
sistent with the molecular weights TDT2 sediments at 4-5§, whereas

TDTX sediments at 3. 658 »

In crude extracts of calf thymus after chromatin had been spun
down, no TDT activity could bé detected using ‘over a 500 fold range in
concentration whereas DRA polymerase activity was readily detected.

For both enzymes two assay procedures were used, either the incorpora-
tion of radio-labelled dNTPs into TCA insoluble material or.the ethidium
fluorescence assay. The latter is particularly useful for confirming -
DNA polymerase in the presence of any possible TDT. Even in the
presence of all 4 dNTPs, the product of TDT is-a random polymer which
shows about 5% the fluorescence of duplex DNA under the high pH -
ethidium fluorescence assay (Morgan and Pulleyblank, 1974). This 'small
amount'nf fluorescence disappears after a heat denaturation step. -Using
- denatured calf thymus DNA as template and primer for DNA polymerase the
~product is/a hairpin duplex and the increase in fluorescence of samples
with time as duplex is formed is paralleled by the increase in fluor-
escence with timd after heat denaturation, (Coulter et al, 1974).

The possibility that TDT ‘was not detected in crude extracts due to.
nucléases or inhibitors was tested by reconstruction experiments in °
which purified TDT1 or TDT2 were added back to crude extracts. - The
activity of TDT1 was ‘reduced 50%, the activity of TDT2 was abolished.
This suggests that although TDT2 cannot be detected in crude extracts,
TDT1 should still $e observable. However, it is possible that a small
part of the: 1arge increase in TDT activity observed upon storage nay

be due to removal of an inhibitor. Also this extract (4 mg/ml) .
contained a high concentration of RNA which may interfere by binding
these enzymes. Also depending on the purification procedure TDT
activity was observed to appear over a per f weeks in certain
fractior{s stored in ice. . In a procedure ci‘j resembling Bollum's
(1974) except that the ammonium sul{ate prec tation (0-45% saturation
fraction) preceded the phosphocellu ose adsorption (at pH 7.6 rather

" than 6. 5) the hydroxylapatite @oxumn gave a peak of DNA polymerase

" lacking TDT. After two months of storage in the eluting buffer (v0.25 M
KPy{ pH 7.6, 1 mM 2-mercaptoethanol), it had developed a high level of
TDT activity with a lower level of DNA polymerase activity. Attempts

to accelerate the conversion of the remaining polymerase to TDT using

' widely varying levels of trypsin, chymotrypsin and pronase were
unsuccessful. The lower pH of 6.5, conditions used in certain steps

of Bollum's procedure, is known to favor the action of cathepsins
(Fruton, 1960), and- ¢ould account for the production of TDT1 in one

case and TDT2 in the other. TDTl will not use activated DNA as a primer,
requiring a 3'-OH end (Bollum, 1974) which is not hydrogen bonded to a
"complementary strand (Table 2). Although Berg has found terminal ‘
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addition to EcoRI—treated SV40 DNA which he attributes to the transient
separation of thé duplex at the ends, forming non-hydrogen bonded \
primers, this phenomenon 1is ‘observed only for a small percentage of:
-the molecules (Jackson et al, 1972) and could be also attributed to
endonuclease in his TDTL | preparations.‘ In contrast TDT2 uses activated
‘DNA as primer. :

TDT2 was 4lso found to have template.guided DNA. polymerase activity
(Table 2) which was not due to contaminating DNA polymerase a which is
well separated from TDT2 on Sephadex G-100. The TDT2 was rerun on
Sephadex. G-100 and DNA polymerase activity still chromatographed with -~
the TDT2 although there was now no DNA’ polymerase activity in the excluded -
portion of the column. The TDT polymerase was readily distinguished from
TDT using the ethidium fluorescence assay as above. The TDT activity
was sensitive to mercurials as is DNA ‘polymerase o (Weissbach, 1975),
and thus is probably not DNA Polymerase 8. Its molecular weight
excludes DNA polymerase Y.

TDT2 is contaminated by trace amounts of endonucleasel(as measured
by the conversion of PM2 CCC DNA to OC DNA) and exonuclease (V13 U/mg)
activity which were not separable from TDT2 upon chromatography over
single-stranded DNA-agarose or Sephadex G-100. These did exhibit
different heat inattivation'profjies with TDT2: the most heat sensitive,
being completely inactivated by heating 5 mindtes at 50°C. "The - exonuc-
-lease activity was inactivated >90% by heating 30 minutes at 50°C

. while this treatment inactivated <10% of the endonuclease. . These leVels
- of nuclease would not interfere with the DNA, polymerase assay. '

" DISCUSSION: .
In contrast to the two TDT activities previously reported with

" identical molecular weights, (Marcus et al, 1976), TDT1 .and TDT2 are
distinctly different proteins as determined by their physical properties.
Their TDT activity varies in a parallel fashion under ‘a variety of '
conditions. The higher molecular weight of TDT2 and its ability to act
as ‘a DNA polymerase and TDT, which activity appears to arise on storage
of semi-purified fractions of calf thymus DNA polymerase, is highly
suggestive ‘that TDTs are derived from DNA polymerase by proteolysis.

It remains to be shown that a purified DNA polymerase -can be converted
to a TDT. Chang and-Bollum (1972) reported that antibody directed:
against DNA polymerase o (6S-8S DNA polymerase) does not cross-react
with TDT1l-although inhibition of DNA polymerase activity from a variety
of mammalian sources was observed. Kupg et al, (1976) have recently
demonstrated that anti-TDT1 antibody 225; not .inhibit DNA polymerase

a activity, Howevery no firm conclusions can be made from these studies
as to the relatedness of the proteins since the polymerase antigenic 4
determinants may have been modified or removed by proteolysis. " Although
we suggest that the presence of TDT may be artifactual, it Stlll may be
diagnostic for certain cell types as suggested by Sarin and Gallo, 1974.
However, suggestions that TDT may have a physiological role such as
generating antibody diversity (Baltimore, 1974) would seem unlikely. -
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‘Conditions*

‘
.
TABLE 2

S/

: ' COMPARISON OF THE PROPERTIES OF TDT1 AND TDT2

o

——

TDT2 _
nmoles dNTP incorporated/

-mg protein/hour

%

TDT1

‘nﬁoles dNTP incorp-
_orated/

ng protein/hour:, %

Complete reaction‘mixture
Primer omitted

) . "
Primer omitted +

activated calf
thymus DNA

' Complete + 0. 01% SDS’

Complete + 0, 14 Tritonw

: X—lOO,

Combiete‘+ﬁ5mM NEM

Complete + O.lmM pOHMB

DNA polymerase activity -

pH optimum (cacodylate

- buffer)

;Cacodylate replaced by
Tris HC1l or Tris :

Acetate pH 7.5
S;Value.“

Ld

]

LY

245
o

329.

27

188 -
20
189

43.3

7.5

12

- B

oS

100

0 .

134"

11 -

77

77

1,878 100
0 ° o~ -O
90 - 5

97 6
1,407 75 .
428 23
1,214 . - 65

0 -

7.0 -

94 5

3;65 » : v

~

* Agsay conditions as outlined in Materials and Methods with Mg++ and

dATP and 50 uM pT4 5

and;Kornberg, 1962) was-substitttedvf

as primer.

“4— 5 8

! : L . :
" Most values'are the average of four determinations.

Activaged‘calf thymhs DNA (Apdshian '

as primer at 120 uM.

Conditions for

sedimentation and markers are given in Chang and Bollum (1971) DNA

polymerase activity was assayed by the fluorescence assay described in

Materials and Methods. ]

4
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TABLE 1

Substrate Spgcifig}ty oF‘TDTZ' o

nmoles dNTP ‘incorporated -per mg pratein
per hour at 37%

. dNTP .

3 NT . - Mg+f o 3 Co“'-+
dATP . a45(1.00) 276 (1i13)
deTP 400 (1.63) 564 (2.30)
dete . 32+(0.13) - 3525 (14.39)

dTTP : 25 (0.10) 4033 (16.46)

¥

TDT acﬁivity was_assayed'as described ﬁn Materials and Methods with

_pT4¥5 (50 uM fiﬁal-concentration)'as primer. incorporation relative to
. - B ’ ’ ’ . . ' ' k‘ . - . '

Mg++ dATP (1.00) given in brackets. All values are the average of four .

determinations,



Figure 1. Chromatography of TDTZ.activity over Sephadex G-100 4in 25
mM KPi pH 7. 5 1 mM EDTA, 1 mM 2—mercapt0ethanol 5% glycerol, 0.5 M KC1l.
The heavy arrow indicates the elution position of TDTl Both activitieS‘
were assayed as described in Materials and’Methods with Mg dATP as

substrate.

Figure 2. | A, Tracing of a‘SDS polyacrylamide gel of‘the TDT2 activity
iaolated by Sephadex G-100 chromatography in Figure I@deliberately incoa—
pletely destaihed (see Results). B, Determihation‘of the molecular weight
,yof the main protein band of A (indicated by the arrow) with E. coli RNA |

>
polymerase subunits as internal standards.
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