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A

;" ABSTRACT - _ I s,
The telomere seguences of the Lepbr;'poxvjus Shoiie fibroma virus were propagated

in batteria in the forrh of a 322 base pair inverted repeat insert. in the ﬁcombinant plasmid

4 ¢ - 4

' pSAIB. 56A. The arrangement of the sequences was equrvalent to the telomere-telomere

"‘concatamenc Junctrons that appear dunng the rephcatron of poxviruses. Plasmr‘d

| PSAIB.56A wés not \:Sa,ble in wrld type bactena, but could be rsolated intact from

. recombmanon—deﬁcrent Eschertchza eoli. Invitro, the telomere inverted repeat sequences
existed in the crucrfom\configuratmn, as judged from the-‘plasmids mobrlrl&yia:n

. gelsand. sen;rtrvrty to specrfic endonucleases, such as the Holliday-resolving € e

baﬁer;gphage T1. endonuclease I. The cruciform extruded tfacllely under standard -
: expenmental condmons butrhad a high energy of formation (AGf)_ estlmated to be 44 :

-kcal/mol The hlgh energy of formanon was attnbuted to the presence of extra-helical-
bases in the cruc1form halrplns p _

| Bactenophage T7 gene 3 product endohucleﬁse ILisa general debranchmg enzyme

K =that cleaves at or near phosphodrester crossovers Syntheuc Hollrday Crossovers
_ (fourth rank Junctrons) and less cornplex branched 1unct10ns were created and dlgested
.w1th T7 endonuclease Tin order to deﬁne the substrate specrﬁcrty of the enzyme. . T7
' endonuclease I cleaved predommantly one nucleotxde 5' of the phosphodxester'crossover

in all the synthettc "branched" trlolecul!:s A preference was shown for crossovers

between two duplex branches and Junctxons that were 1mmoblle (did not perrmt
¢

. branchp@mon) but “open" '(a gap or nick ex1sted at the junction allowmg for.
greater flex 1lity) A modeSt preference for nucleouae sequence was obs:nu,/. The «

.enzyme drd not cleave short non-complementery single- -stranded DNA estabrhshmg its

l I3



R d

spec‘ﬁcuy for duplex-contammg molecules {r: fact, smgle stranded DNA mterfcred wuh ',
f;he ablhty of T‘7 endonuclease Ito resolve the crucxform juncnoh m pS'AlB 56A'
. presumably because the enzyme can bind Single-stranded DNA. -
The dlgesnon of native preparanons of pSAIB. 56A with '1'7 endonuclease I resolvcd '
the cucular plasmid toa hnear molecule with mcked hairpin e'nds Cleavage posmons
: were mappedrto specific regmns of telomere sequence that werwdxcally syaced on -
a\"erage, ten nucleoud'és apart. A similar result was observed followm g the dxgesnon of )
pur;.fxed topmsomers suggestmg that during branchpoint mlgranon the crossover
. altemated bctween sensmve and insensitive conformanons It is argued that
conformational 1somenzanon 1sr1mpOSed by the topological. 1mplﬁ%ns of having two
Juncuonal branches lmked in. the form of a closed DNA loop. A theoretical conmderaﬂon |

-

of branchpomt movement: m plasmld molecules further supports thxs conclusmn

»
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I. INTRODUCTION

‘ Eukaryotic genomes, in contrast to the chromosomes of bacteria, are predominantly
. 4

) » composed of linear, double-stranded DNA molecules Exceptxons mclude most native
./_plasrmd DNAs and most rmtochondnal DNAs, wh1ch like bacterxal chromosomes, are
'double-stranded covalently glosed c1rcular DNA molecules. The molecular ends of hnear
I_ "chromosomes are specialized structures called telomeres A general con31derat10n of the )
. 'metabohsm of DNA molecules has 1nsp1red the conclusmn of researchers that telomeres

\)

evolved to-fulfill a specxal function related to the rrramtenance of lineaf chromoSornes _

. el

Remforcmg their corwxcnon has been the observation that telomer

¢

tructure has been T

remarkably well conserved amongst the evolutlonary d1verse

that have been studied to date The ongm of thls theS1s was, discu

role that telomeres play in the rephcauon of chromosomal ends‘.
© A Telomere Structure~and Function . - o

; 'I‘elomere functlon has been inferred frorn the biology. of chromosomal D nds .

'(rev1ewed by Blackbum, 1984 Blackbum and Szostak 1984) _The naked ends of |

fragmented DNA molecules (1e followmg double. strand breaks caused by : mechamcal |
: damage or X-uradtauon) are hrghly recomblnogemc (Szostak et al 1983) are prone to .
nucleolyuc degradauon and may fuse with other chromosomal ends (McClmtock 1941)..
By v1rtue of their unique structure, telomeres act as chromosoglal “caps” and protect )
k' gcnomxc DNA ends from these deletertous reactions. Durmg me1051s and to a lesser

extent during tnterphase and mltOllC prophase, cytologlcal mvestlgauons have shown

.,.



telomeres tran51ently self-assocmte and. possrbly mediate- the orgamzatlon of chromosomes
into 1dent1ﬁable arrangements (Llpps et al., 1982). More generally throughout the cell life.
' cfcle,atelo;netes are known to mteract w1th the nuclear envelopc (Agard and Sedat 1983,

. Mathog et al., 1984). These observanons have led to the proposal that telomeres are.
. functlonaﬂ in the nuclear orgamzanon of chromosomes, and the segregt;ton of
chromosomes durlhg cell. division. Telomere complexes (protem-DNA structures) may .
also act as a topologxcal anchor for DNA molecules in vivo and dxrect in part at least, the
: phasmg of nucleosomes along the chromosome (Gottschhng and Cech 1984).

A srgmﬁcant role is att:nbuted to telomeres during the rephcanon of linear cnron‘osomes

_The capac1ty to mamtam the length of a chromosome dunng muluple rounds of ~

rephcauon, in sp1te of the fact that all known DNA polymerases require a 3'-hydroxyl '

pnmer from Wthh to initiate DNA synthesrs (Cavaher—Stmth 1974; Bateman, 1975), is
- an aquxred property of the telomere structure Usually, a polynucleoude primer serves to
' 1n1t1ate DNA synthesxs and, if i 1t is RNA, it is removed followm g the pnmtng reactlon
'exposmg an unreplicated region at the 5' end of the DNA In the absence of some
| adapnve mechamsm, daughter molecules would become progressxvely shorter w1th the
accumulation of these 5' termmal gaps (W atson, 1972) A |

»

| Function is reflected in structure Q;and while certain features of ‘telomere stt'ucture are
peculiar to individual organisms, there are several outstanding features that are ;)mmon 't(_)
all nuclear telomeres The most intensely studied‘linear DNA.‘chromosomes are those
associated w1th smgle-cell eukaryotes The somauc macronucle1 of c1hated protozoa are a
' convement source of telomeres for molecular analysm because they contam numerous '

‘ short -hnear DNAs, such_ as ribosomal RNA gene molecules and sub_chrémosomal 8

Y

"



'molecules derived from the development-related fragmentanon of mxchnuclear .

chromosomes. The telomeres of these nuclear DNAs consist of tandem repeats of the

sequence motif 5'[C1_8(A/T )'1_4]3‘. For.example, Oxytrtcha has the repeat (C4A4)

.‘(Klobutcher et al 1981 Pluta et al 1982), Tetrahymena the repeat (C4A2) (Blackburn ,

" and Gall 1978) and yeast the repeat C2_3A(CA)1 3 (Shampay etal, 1984} The number

of tandem repeats varies dependmg on.the organism (there are up to 300-500 copies in

‘ Tetrahymena) and can'vary according to the cell cycle stage. Telomeres, therefore’ are’

dynamrc structures and increases in length of telomere sequences 1n propogatmg'-f

Tetrahymena have been dn'ectly attnbuted to changes in the number-of me.se tandemly
Y

repeated sequences (Greider and: Blackburn, 1985; Larson et al 1987) 'I'he G-rich»

) strand forms a 3' overhang at each chromosomal end (3' (G4T4)2 in Oxmcha and

: Stylonychta (Klobutcher etal., 1981 and Steinhilber and Llpps, 1986)) and in the distal

regioris of the telomere sequences there are specrfic arrays of non—hgatable smgle strand- ‘

breaks (Blackburn and Gall, 1978 Johnston, 1980 Katzen et al 1981 Szostak and

Blackbum 1982 Blackbum pnd Challoner, 1984). These gaps remain distally located

dunng the lengthemng of telomere sequences in vegetative cells and thus are features of

thevextteme ends of the chromsome “There are a few examples of telomeres studied in

&.

‘hlgher eukaryotes (including humans) but structures are not yet as well deﬁned (Cooke et
.al., 1985)
The nucleotides bordering the intema_l gaps in telomere sequences can be radiolabelled

whereas the terminal nucleotides are effectively. "blocked" by the telomere structure

(Blackbum and Gall, 1978; Emery and Weiner, 1981). Protection of the ends of nuclear

U
L]

ke
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DNAs may be afforded by-.telomere~speciﬁc proteins and some telomere-binding proteins

have been identiﬁed in nuclear Extm!l'sﬁxy\rri ha, Stqunychia and yeast.. These -

-

proteins bmd to permutauons of the poly(C1_4A1 motif and G-rich tail (Gottschling

and Zakran 1986 Stemhrlber and Llpps, 1986; Berman et aI 1986) but no specrﬁc .
function has been attnbuted to them. Blackbumn (1984 1985) has pmposed that, in‘the
_ ébsence of bound protem, the DNA ends may be "blocked" because telomeré DNA adopts
: a novel sec0ndary conformatron Non-B BNA strut:tures such as Z DNA and, in’
parttcular muln-stranded poly(G) forms (Dugarczyk et al 1980) have been proposed
In fact, it has been suggested that the mterchromosomal assocratron of poly(G) strands
may account for the end-to-end attachment of chromosomes that has been oBserved
(Gottschlmg and Cech 1984) Novel fold—back structures involving unusual
base-pairing schemes have also been proposed (Blackburn, 1985) Some chron?oso)ne
ends are "blocked" because the complementary DNA strands are covalently*lrnked in the

form of halrpm termini. These have been 1dent1fied for eukaryouc viruses such as

‘Parvov1ruses B rgu1gnon et al., 1976; Berns et al., 1985), iridoviruses (Gonzalez et L

al., 1986) and P \'iir’uses (Geshehn and Bemns, 1974 Baroudy etal., 1982; DeLange ft ’

al., 1986), also in linear yeast plasmids (Kikuchi, et al., 1985), the mitochondrial DNA ~ ~

'of Paramgczm itchard and Cummings, 1_98 1) and in linear plasnds of barley (Ellis and
Day, 1986). au-pm tebmini probably represent a unique class of telomere since those .
that have be 'identiﬁed do not possess the short tandemly repeated sequences that

researchers pow believe are responsrble for endowmg the telomeres of the nucl\ear

’chrornosom s with funcnonal spe01ﬁcrty

The telomere sequences froma variety of organisms have been cloned (Cavalier-Smith,



B .

.1983). Ssostak and Blackburn (1982) created a cloning vehicle usmg the lmear denvauve
of a cucular yeast plasmid. They added Tetrahymena telomeres to the lmear plasmid and
dlscovered that it could be propagated in yeast. This was' further evidence that the
structure and function of telomeres had been conserved even though dunng the .
‘propagatlohwﬂar recombmant plﬂsmlds there was an elaboration of host-specific
- repeats onto tHe.cloned telomere sequences (Shampay etal., 1984). The compléxny of
telomere structure was emphasrzed in these experiments when it was shown that an
artificial hmrpm terminus was unable to stablhze the linear vector in vivo (Szo,stak and '
Blackbum,\,l982) The clonmg of telomeres represented a significant gdvance in the study |
_ of telomere: structure, the binding of telomere-spemfic protems and the rephcatlon of
telomiere DNA. |

ay . o - . ’ ' i . R

B. Telomere Replication

| A vanety of mechamsms exists to ov?come the probl m of rephcatmg the ends of linear .
' chromosomes f(hrcular DNA moléb'ules can be continuously rephcated t produce |
| multiple genome-length daughter: mobcules because the DNA templates are u terrupted
, polynucleotlde chains. The linear DNA of bactenophage lambda transxently arizes in
| mfected cells and rephcates in this form. The lmear genomes )of T4-and T7
bactenophages concatamerize (anneal end-to-end) dunng rephcanon so that the priming of "

- RPNA synthesxs is effecuvely accomphshed from neighboring genomes (Broker, 1973).
Bactenophage (2529 and the mammahan adenovuuses have covalently linked terminal
protems which serve as primers for the I?I‘t\ polymerase (Harding and Ito, 1980' Rekosh
- etal., 1977).- Another example of a facilitative adaptation mlght berthe presence of hairpin -

termini smce they allow the rephcauve machmery to. cﬁc\umscnbe the umnterrupted



self-coniplémcntm;y pqunuélcoﬁdc chain offa linecar DNA moJecule.

Drawing upon these examples of prokaryo‘t'c and virus fcplication, general models for the
replicgtion of eukaryotic temeres have l;ecn postuiatcd (reviewed in Blz;ckbﬁm and
Szost&l, .19_84),- Cavalier-Smith- (1974) sugg'cstcd that the telomere sequences were
palindromic (had two-fold symmetry), AIIOWing thc unreplicated.3' sequences at the end

“to fold Babk intoa hairpin\stmctur‘c“.’ The resulting nick would be ligated.and the opposite
stran&fnick’ed to allo;v the DN'A to unfold and replication to be complctca off the newly.
exposed é'-OH. Bateman (1975) proposed that telom'ci'es naiurally possesseqd hairpin
'tenhi; and aft'ér replication proceeded around the Ihair‘pin the "fused" telomeras would be
resolved to daughter termini. 'I"he representation of t;m Bateman model illustraycd in
Figure I1 dezrbnstfatcs th.at the replicative intcnnediéte is, in fact, a lérgc palind'r!q‘mc'.

" The separation (_)f the daugﬁier telomeres would fblldw (accordihg to the model) the
placement oi‘ staggercd njcks? centered about the twojfold symmetry ax‘is. by a
sequence-specific eﬁdogucleascf’ Stran&'}sépargtion, the folding back of the

’ self-complc'mentax"y overhanging schcnccs angd the sealing of the nické by ligase would*
regenerate the native mc;leéular tcrmml The Bateman fnodcj is relevent to the rcplica;ion

of poxviruses and. thoée linear genomes with hairpin tegmini .(McrchlinSl;y and Mbs’s), ’

198%). On 'tpe other hand, thcj Cavalier-Smith model is applicable to the repiication of the

. PaWOVir;SCS%E\?/hOSO lin.?{singl.c-sn'anded\DNA gepomc has short tcrnﬁqal palindromic
sequences w}iﬁch fold-back to form haix‘;in‘ structures (reviewed in Challberg and Kelly,
1982). In.flu't;;,“nccd' By the cytological é_vidénce demonsti'ating' tclomcrcatclo@crc ,
intefactions, liancis and Holmquist, (1979) l;rc;pr)scd that recombination between

telomeres led to the transient fusion of telomeres into the inv‘cr_ted repeat configuratiof?

. (Figure I.1), a form that also allow\s the complete replication of the telomere sequences.

. . . : v
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Figure 1.1. Models of telomere replication. Panel A: the Bateman model; panel B: the
Dancis and Holmquisg model; panet C: the cruciform extrusion model. In the three models, -
replication of hairpin termini (A and C) or recombination between hairpin termini (B)
generates an inverted repeat intermediate which is resolved to daughter telomeres by
endonucleolytic activity. Complementary sequences are noted as a/a*, etc. (adapted from
McFadden'and Dales, 1982 and Szostak and Blackbum, 1984).



the cruciform crossover is resolved by a debranchmg, or a Holhday rcsolvmg, :
endonuclcase (Flgure L1 As a consequence of this process, the stem and loop
stmctures of the crucxfo:?m become the tcrmmal hmrpms of the resolved chromosome

| With rcgard to these models, there is substantial evidence for the appearance of the
proposed inszericd repect arrangement of telomere scqucnccs (a¥ depicted 'in Figurc I.1)
during the rei:lication of pox\giruses (Moyer and :Gravcs, 198.1; Moss et al., 1983;
DcLan'ge etal., 1984; bcLangc etal., 1986)v, Earézmeciwn mitochondrial DNA (Pritchard
and Cdnimings, 1981), yeast DNA (Szostak, 1983) and Tetrahymena extrachromosomal
'rDNA elements (Blackburn and Gall, 1978).

Bascd on the obscrvatxon that recombmant linear DNA molecules bearing Tetrahymena .
" telomeric sequences acqmre ycast telomeric sequences when they are propagatcd in yeast
cells (Shampay et al., 1984), it was proposcd that activities exist that attach host—spccxﬁc
telomere sequcnccs to compatible telomcnc ends. An activity in Tetrahymena cell-free
_extracts has bcen 1dcntlﬁed that adds tandcm 'I'I'GGGG sequences onto telomere-specific
oligonucleotide pnmers (Gmldcr and Blackburn, 1985) requiring only the primer, dTTP

- and dGTP "The activity increased during macronuclear dcvelopmcnt, coinciding with the

@
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demand for telomere synthesis foll'owing fpigmcritation of the micronuéle'ar chromosc;incs
and specified the addition of host repeats to yeast and Tetrahymena-relatcd tclomerc
oligomers but not to complcmentary or non-telomeric ohgomcr sequences. As part of the\
' rc@ki@tivc process, a telomere tcrmina! transferase could function in vivo to elongate
chromosomés. AS y;t. there is no conclusive evidence of tcrminal'héirpin'formation' in

- ‘

nuclear chromosomes and it remains an open question whether telomere-binding proteins-

prime DNA synthcsisq‘(Cavalicr-S@%{983).

. C. Po\z(virus Replication . ° ‘ L r
Insofar as poxvirus replicatiori proceeds through an intermediate in which the telomere

sequences are transi{ntfy arranged in erted repeat configuration, it represents a

useful model system to study the replication gnd resolution of telome;'cs. As a system its
appeal is enhanced by the fact that the viruses replicate auton;dnously m cytoplasmic foci,
or “factory areas” (Dales and Pogo, 1982; ' olowczak, 1982; McFadden aﬁd Dales, 1982;
Wittek, 1982; Moss;~1986) and, by implication, under the exclusive control of
N

Vertebrate poxvimsés have been classified intd at least six. genera. | The prototypic ’

viral-encoded gene products.

" 4"vpoxv1rus and the ﬁxst for which the telomeric structure was identified (Baroudy et al.,

1983; Moss etal., 1983), is vaccinia virus, a membcr of the Orthopoxvirus gcnus Most
of what has been wnttcn abput the, replication of poxviruses has been obtained from
st\;dies on vaccinia virus. Its genomé is approximatély 180 kilobase pairs of linear,
double-stranded DNA wh1ch is covalcntly linked to for?: hairpin termini. Hence the

molecule is a single continuous self-complementary polynuclcoudc chain. The sequences
v ;



VACCINIA VIRUS GENOME

| - TIR :’ Unique . Sequences \ TIR -
(10 b ) (160 kb) (10 b )
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Figure 1.2. Thc structure of the vaccinia virus éé%me Characteristic features are the .
large inverted terminal repeats, the hairpin termini‘and the tandern repeats. The genomc is
a continuous polydeoxynbonucleonde (adapted from McFadden and Dales, 1982). TIR:
terminal inverted repeat.

> <
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\ft the ends of the genome take the form of large inverted tcnmnal rcpeats (approxxmatcly
10 kilobase pairs long) contzumng 30 tandem reiterations of a 70 basc pair sequence
(Fxgurc 1.2). The extreme temunakreglons are very A+T-nch and possess numerous
unpaired bases ‘which are presumably extra-helical (Evans and Morgan, 1982)., On
account of the unpaired bases (derived from'asymmetric base pairs in the inverted re;‘)cat
configuration), the telomeres exist in two, isomc‘ric configurations, ';f}ip" and "flop", that
are inverted and complementary (reviewed by Moss, 1.986). In relation to the iuust‘x'étioﬁs
in Figure 1.1, the two daughter hairpins would be rcprescntati’\'c ~c;f these two alternative

forms. /

1.



<»

~ The rc}alicativc cycle of vaccinia igus begins with the adsdrption t6 and pcnetratioxi of the

" host ccll release of the vxral or¢ and commcnccmcnt of early transcription. DNA
polymcrasc is produced in largé amounts, along with other enzymes inyolved in the
synthesis and metabolism of DNA. DNA rcphcauon occurs 1.5t0 6 ho;n's post-infection
‘and the evidence indicates that replication can be initiated at Both cnds of the DNA
| molecule. Little detail is known of the: .overall replicative mcch?msm and the form of
: i;phcanve intermediates except that concatameric arrays bearing.the head to-head and

il-to-tail junctions have been 1dcr§uficd (Moss, 1986).

h An in vitro system has not yet been dgveloped-to study poxvirus mpiicaiﬁonﬂ and telomere
resolution, and only limited DNA replication has been observed in crude cytoplasmic
extracts (Estcban and Holowczak, 1977) A gencnc approach to studymg poxv1rus
replication has only Just commenced with the acquisition of temperature-sensitive mutants
(rqvncwed by Moss, 1986).. The viral DNA polymerase has pccn purified and.
characterized in vitro, as has a DNA topoisomerase. Awother enzyme that has been
purified and that may play a very specific role in the replication of vaccinia is a
capsid-er}closéd dcoxyribonuclea}sc, It has the provocativé abilityNto lineariZe supercoiled
plasmid DNA and covalently link the DNA ends (ukﬁ{z et al., 1985). It accomplishes

. this with no obvious spcciﬁcit;' other than ;nicking a?scquc.ilccs that, when supercoiled,
have the potential to form alternative sccof;dary structures featuring single-stranded
élements. Should this endonuclease participate in the initidﬁon of replication or telomere
resolution then i}s specificity in yivo is most likely to be determined by interactions with

\ .~

Ve

accessory proteins.

Vaccinia telomere replication may be explained by either the Bateman model or the
i . . §, .

. o
-
o
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<ruciform cxtrusion model described in the preceding section. In addition, Baroudy et al.
(1982) have described a self-priming ;éhcmc fof the rcplicati(?t) of poxviruses. It is
similar in respects to“wnodcls of the ri:plicati9n of the parvoviruses that have linear
single-stranded genomes wnth short hairpin termini. In their model, an endonucléase
nicks near the terminal hairpin and the hairpin DNA unfolds. The unfolded strand is used |
as a template for the replication of the complementary strand thereby gcncratin;. through
~ ‘de novo synthesis, a terminal palindrome of the forr.r: Cavalier-Smith (1974) had
proppsed was generally preseny at genomic termini. Contrary to the Cavalicr-Smith
model however, the éelf-primiﬁg model suggests that the terminal palindromic chuenccs
undergo strand. exchange to form t‘ﬂfo inverted and complementary hairpin termini.

Replication could then bé I;rimcd from either end of the genome from the 3'-hydroxyl of
' A

, » \

one 'of the fold-back strands.

A significant requirement of resolution that must be accounted for i)y any model of
poxvirus replication is that the "flip" and "flop" forms of the tcldmeres are generated. The
:fonnation of terminal fold-back structures (as in the sclf—prirning model, thc cruciform
extrusion model or the Bateman model) accompfiszles this so long as the hairpin structures
consume sufficient sequence to result in the appearance of every potential extrahelical |
. base. Assuﬁ:ing that ;n endonuclease resolves the fused-telomere intermediate,
‘ symmetrically placed staggered nicks must b¢ made outside the sequences bcari;lg all the
asymmetrical base pairs. The furthest an extrahelical base is from the-genomic terminus -
"in vaccinia virus is 55 nucleotides (Figure .3). Therefore, the schucnéc separating the

B résolving nicks would minimally be 110 base pairs long and strand exchange, mediated

by gyhciformation, recombination or perhaps catalyzed by some energy transducing
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i system whlch mxght mclude a hehcase fori mstance (Warren and Green, 1985) would

o lead to the formauon of telomeres beanng the chaxactensuc exu'ahehcal bases.

- Considerable new information regarding the extent and nature of the telomeric sequences.
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that are critical for viral replic'ation aﬂdﬁ@?oluﬁon has, and will continue to be, accrued
e

from studies employmg recently developed m vzvo co-transfecnon assays The protocol

_ 'for these expenments mvolves the transfecuon of cloned mverted repeat axrangements of
: 3

‘ ‘poxvn'us telomenc sequences mto poxv1rus‘ mfected cel?é in order to assess therr capacrty

14

_to be resolved Vaccrma telomenc sequences were ongmally cloned accordmg to the

» methodology of Szostak and Blackbum (1982) (ﬁ%Lange et al 1984 Merchhnsky and

Moss, 1986) The cloned telomere sequences were propagated in yeast in the xnverted

repeat arrangement presumably because yeast cellular factors falled to recognize and ‘

‘ resolve the vaccinia telomere sequences The 1nverted repedt telomere 4fHeNCes were

subcloned into bacterial plasmrds for use in the co-transfectton assays. Ther: @lutlon of

&

¢

' the cLoned vaccrma virus concatamenc Juncuons in vaccrma-mfected cells femmed by the

K reducuon of concatamene arrays o plasnud monomer size) substannated the assumptron

that the inverted repeat conﬁ gurauon isa bona ﬁde replrcauqn m,termedlate (Merchlmsky

and Moss 1986) Exogenous plasrmd bearmg the cloned mverted repeat telomere .

sequences is rephcated in unmfected cells but is not resolved, mdrcatmg that the resolvmg

n enzymes are vrral gene products (DeLange et al 1986) Furthermore, a telomeric.

» mverted Tepeat of only 252 base pairs was effic1ently resolved, implying that all the

» | sequences critical for resolutlon lay within 126 base pmrs of the molecular tern'unus ,

T

An in vivo co-transfection assay (D_eLange et al., 1986; DeLange and McFadden, 1986 ™.

and 1987) has been established for the Leporipoxvirus, Shope fibroma virus (SFV) a
bemgn ﬁbroma—mducrng virus of rabbrts (Shope, 1932 rev1ewed by McFadden, 1987).

-‘lee vaccmra vrrus, SFV . telomeres possess numerous extrahelrcal bases and the

. sequences 1mmed1ately downstream of the termini are extremely A+T—r1ch (Wills et al.,

198,3,_DeLange et al., 1984,and 1986) consistent with these being conserved features of

L .
*

S
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poxvrrus telomeres. They, too, exrst in the alternatxve "flip" and "flop" conﬁgurations

'The SFV mverted terrmnal repeat is 12.4 krlobase patrs in length and shares little or no

homology with the vaccinia virus mverted termmal repeat outsrde of a few short

- sequences prox1mal to the termmal hairpin. The 1dent1tyand posmons of the extra-hehcal
bases in SFV are shown in Figure 1.3. In Flgure I4 the contrastlng schemes for the

’ resoluuon of the rephcatrve intermediates are illustrated, emphasrzmg the generatlon of'the
"ﬂlp" and "ﬂop termini and mdlcatlng the relative posmons of the conserved sequences.’

_ SFV telorhere sequences were also cloned‘ln the mverted repeat arrangement (DeLange et

o . . ~

al, 1986). LT
Speciﬁc permutations of the SFV palin'dromic telomere junction were generated using
standard molecular biglogy techmques and then these modlfed telomere sequences were
q tested in the SFV co-transfecnon assay. In essence, nested deleuons were created at the

central axis and at either end of the cloned telomére sequ_ences and the effect of these

—

deletions on resolution was scored.. The result was an identification of a core target DNA -

sequence»that was required for telornere resolution (DeLange and McFadden, 'l987)
Interesungly, the central axls A+T—nch sequences contammg the extrahehcal bases, could

. be deleted without 1mped1ng resoluuon and thus these conserved features of poxv1ral

telomere structure may- be cntlcal for some other viral funcuon The core target sequence ‘

is 76 base palrs long and drsplaced 45 base patrs from the central axis, beyond the last

Tasymmetnc base parr in the SFV inverted repeat (see Flgure L3). It contams* the three N

short regions of homology shared by SFV: and vaccinia virus telomeres, $o it was not
__ surpnsmg that the SFV concatamenc Junctlons were resolved in vaccima—rnfected cells

(DeLange etal., 1986)

15
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'Figure 1.4. Generatton of "flip" and "flop" viral termini. The two endonucleolytic
- pathways for the resolution of the SFV telomere inverted repeat agrangement are shown;
cruciformation on the left and site-specific cleavage (as per the'Batenan model) on the
-right. Features of the SFV telomeres are emphasized, such as the extra-helical bases
shown as spikes on the hairpin structures of B, C and F (vertical lines denote these same
nucleotides as members of asymmetric base pairs in the lineform illustrations of A, D and -
_E); the conserved sequences as box regions I, IT and'III;{and a sm internal. inverted
'~ .repcat (PAL) which lies i in the core. target region requu'ed for in wvo ksolulton



D. The Biology of Inverted Repeat DNA Seqqences

3

-

" The cloned p‘oxviraltelo;nere seque‘nces have been successfully propogated in E. coli in "
spite of the fact that large inverted repeat sequences are notoriously di_fficult to clone in :
. bacteria. 'Inverted repeat sequences, as a rule, have a peculiar biology in prokaryotic -
systems They mduce changes in cellular DNA metabolism, such that they can affect
rates of recombm on and the efﬂcacy,of DNA rephcauon, and they are themselves prone .
to metabohsm unphcatlons of 1nverted repeat sequences in eukaryotrc systems will:

be. addressedm latdr sections.

| Inverted répeat sequences are said to be perfect if they are completely compl%mentaryu and

they are palindromic if the repeat sequences are directly adjacent and not interrupted by

o mrepeated sequences (Mizuuchi et al., 1982b) The cloned‘ poxvirus relomere ',, )

~ sequences are. examples of 1mperfect mverted repeats smce asymmetric bas. puirs are .‘

: 1nterspersed throughout the central axis region. Small 1nverted repeats are cornmonly
found in prokaryouc systems and they often appear at specxﬁc recognition sites for DNA
bmdrng protems. They have 'been identified at origins of DNA replication in prolsaryotes,
rn'a_mmalian” viru-ses and | eukaryotic cells '(Hobom‘ erxal., 1979; ~Frisqu,e, 11983; o

! Zannis-Hadjopoulos etal., 1984' Weller et al., 1985), operator sequences (Gilhert etal.,

1975 Mamat1s et al 1975) and transcnptron termination regrons (Rosenberg and Court,
1979) Usually these are\short non-palindromic repeats. Inverted répeats at sites of -
protcm interaction may only reflect the presence of two-fold symmetry in the proteins. |
Nonetheless mverted repeat sequences are polymorphlc and can take other recogmzable '
forms. For mstance, in vuro, mverted repeat sequences can be indueéd to convert to the

crucrform conﬁguratron when under negatrv\t: superhelical stram (Mlzuuchl etal., 19825, a
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property exploued in the cruc1form extrusion model for telomere replication. TES
structural transition compellcd some investi gators to suggest: that the proteins mtctactmg
w1th inverted repeat sequences do so by recognition of thc)altgmanve cruciform str_ucturc.
(Gierer, 1966).
.+~ No lpng- (exceeding 120 base pairs) perfe,ct‘ inverted repcat has been idcptiﬁcd p_r sta.blir |
pioned in pvild-typc baateria '(Mizuuchi et aI 1982) Att&npts have been made to clone’
q;uch larger r’mvcrted repeats but, mvanably, these attcmpts have failed. Even a 68 base °
pan' pahndrome was unstable in w11d-type bacteria (Courey and Wang, 1983). Either
largelmvcrtcd -repéats prpve to be lethal to the carrier rpphc\on or they undergo
RecA-independcnt deletion to smaller, more stable deri\\/\ative‘S (Collins, 1981' .Lilley,
1981; Collms et al., w Hagan and Warren, '1982; MlleUChl etal., 1982;  Hagan'and
- Warren, 1983; Le%ch and Stahl, 1983). A cons1dcrable enhancemcnt of the stabxhty of :
‘ cloncd inverted repeats 1s conferred by propagauon in recA recBC sbcB” bacteria (Collins
et al., 1982 ‘Leach and Stahl, 1983;: Boisy and Astell 1985 Lcach and Llndscy, 1986)

. | suggesung that recombination mechanisms (specxﬁgally_{he sbcB and the recBC encoded

_ nuélgases) contribute to the modification or loss of these sequencés. Warren and ‘G_rccn

| (1985) ' Succéssfull cloned palindrémes of 114 and 147 base pairs 'iln sinailar ‘
recomrb)ination-dcﬁcicntv bacteria. .Both pal.indromic‘inscrts inlhibitéd spohtaneo_us
mulﬁxiierization of plasmid DNA. In additiort, the presence of the larger palindrome

%

reduced plasmid copy number while the shorter palmdrome did not. These observanons

exemplify the cfcht that inverted repeat soquenccs have on recombination and rephcauon ~

Two hypotheses have been proposed to explain thg instability of palindrpmic sqqucnccs'. )

. _Dcletidns could arise during replication if hairpin structures were to form on the lagging
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‘strand and the replicative machinery occasionally skipped over thetn (Collins, 1981;
Courey and Wang, 1983). It appears more -likely however, jﬁdging from the .
" observations Just cited and the spec1fic nature of the delettons, that 1nstab1hty is a
| consequence ofa recombmauon event. All reported deletions that occur within cloned
ed repeat sequences are ﬂanked by short d1rectly repeated sequences and result in |
tﬁss of symtnetncally drsposed central axis sequences (Collins et al., 1982; Courey |
~and Wang, 1983; Hagan and Warren, 1983; Boysy and Astell, 1985) A complete loss of
the inverted repeat would 1rnply that the direct repeats were outside the sequence of the ‘
cloned mverted repeat To generate partial deletions, small internal inverted repeats w0u1d
have to exist wrthm the arms of the larger unstable inverted repeat. Identical arqis of the
internal inverted repeats would constrtute d1rect repcats and recombmatton between these. -
would generate a shorter denvanve of the instable mverted repeat. Recombination‘
frequencres are very hrgh in these sxtuauons and suggest further that the mtroducuon of an

mverted repeat sequence between two duectly repeated sequences enhances the rate of

~

1l1€gmmate recombination. Itis perhaps related t6 this observanon that 1nverted repeat
~ sequences stimulate intra- and interplasmidic recombination in vivo (Warren and Green,

1985). Warren and Green (1985) make ‘a another pomt wortlr repeatn;g\vao
palindromes, one 114 base pairs and the other ldf6 base pairs, shared the same cenfal
axis sequerices O that, apart frorn size, they were identical. Nonethelessv the 146 base
pa1r palindrome reduced the copy number of the inverted repeat-beanng plasrmd wht/le the
114 base pair palmdrome did not. Crucrforrnauon or han'pm formanon ("central" effects)
in the inverted repeat sequences were presutnably as likely in one as the offier. Therefore,
instability was proposed to be medtated by an "arm" effect; recombination between the L
tnverted repeats, for i mstance, that would be less hkely to occur in the shorter 114 base

parr pahndrome 'l'hts would account for a differential effect based on palindrome size.
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The invinbility of replicons bearing large palindrornie sequcnces has been accounted for -
by' a variety of,proposz:ls. Inviablity may arisej because‘DNA replicatien is obstructed. by
the physical presence of fold-back structures, for instance, or nnresolved intermediates of
recombinaﬁon (ﬁolivar etal., | 1977; bcech and Lindscy, 1986) The loss of sui)ereoiling ]
accompanymg the extruswn of inverted repeat sequences into a crucxform may be lethal
since the free energy of supercoﬂmg is known to support aspects of D&IA metabohsm
(Lrlley, 1981 Leach and Stahl, 1983) Were the inverted rcpeats to be exu'pded in the
. form of a cruciform the DNA junction formcd at the crossover would be su'%q_turally
' eqnivalentmto a Holliday crossover and may be clea\(ed by Holliday-_res’olving enizymes,
reducing the DNA toa non-replicative form (Mizuuchi ez al., i982) The' likelihood that
cruclfdrmauon is a determmant of plasmid v1ab111ty has becn questioned by results that'
showed that the presence of up to 50 asymmetnc base palrs at the central axis failed to
rescue an inviable plasmld molecule (Warren and Green, 1985). The spontancous
formauon of a cruciform from thesc sequences would be prohibited energetically,
although i it is feasible that cruc1formagon could be catalyzed,and the cruciform structure

stabilvizedvin vivo. Consequently, processes that might catalyze cruciformation have been

_ 'propbsed.v ‘For exarnple, the action of recBC protein has been suggested (Leach and

Lindsey, 1986), as has the processes of DNA replication, transcn’ption and general

recombmatlon (Warren and Grecn 1985) The recBC protein is known to unwmd'

duplex DNA and generate, large smgle-stranded loops that could fold back on thems

to form stem—and-loop structures (Taylor andv Stmth, 1980). Symmetry at the imverte:d

| repeat ax;s :vould not be as critical in such an extrusion mechanism so long as he
stem-and-loop structures were stabilized. Recent reports indicate that inviability £ a

._ prope"rtyi-of "active”, or replicating, DNA substr_ntes (Leach and Lindsey, 1986;
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Shurvington et al., 1987). Large palindromes can be maintained in bacteria if the DA is

E non-replicative Entry of the recBC protein usually requires a double strand break in the

_ DNA and possibly "active" DNA: prov1des these entry points as well as fac111tatmg the

formation of hairpin $tructures. In ovemew, it is clear that large inverted repeats are
- lethal-to replicons and the deletion of central axis sequences, .probably by ﬂlegmmate
| recombination, can rescue the replicon (Hagan and Warren, 1983).
E. DNA Supercoiling and Cruciform Extrusion: In Viyo Implications
As indicated, the biological properties of inverted repeat sequences may be associated
with the potenttal of these sequences to form crucxform structures Crumform formauon
or cruc1formauon, mvolves the disruption and exchange of interstrand base pairing for
intrastrand base pamng such that two DNA stem-and-loop segments form adjommg DNA
with normal interstrand base pamng (Gteger, 1966; Mizuuchi et al., 1982b). The
cruciform structure represents a htgher free energy form of mverted repeat, sequences by
virtue of the 'pres;:née of 'unpaire& bases in-the 100p regions and the branched l\)JNA
. structure formed at the base of crumform A minimum of four unpalred bases is
%sumed to exist in the hairpin loops (Lllley, 1986a). The stabilization of cruciforms’
therefore requires an mput of energy. In plasmid DNA, the existence of cruciform
structures in vitro has been verified by electron microscopy and use of enzyme probes;
| and they can be stabilized by the free energy of negative supercoiling (Mlzuuchl etal.,
1982b) K _ » T . N n

Negauve supercoxlmg (as a component of DNA writhe, ﬂ[) can exist when there is a

deficit of interwinding (or lmkmg number, LK) of the complementary strands in- the DNA -



22
N
‘ mol’ccu'lc relative to the number of helical tumns of DNA (the twist. Tw) }n its.r;ativc form.
These three parameters are related by the equation (White, .1969):
; Lk=Tw+Wr /
In other words, a neganvc Wr (implying negative supercoiling) could arise when the
value of Tw cxcceds Lk. Negative supcrcmlmg has the tendency to destabilize B-form
DNA_ (1e. reduce Tw to compcnsatc for the linking deficiency) and this promotes |
c;'uciformation Which removes helical turns from the tppéiogically constrained circular
core of plasmid DNA. 'fhe value of Lk is unchanged since the DNA strands in the
cruciform hairpins are interwound about themselyes and not thc co_mplementary' strand.
The free éncrgy of supcrcoilirig, expressed as torsional strain in the circular core of the
: DNA, decreases during cxtrjusion and 'thebcncrgy difference contributes to thcvstabilization
of the cruciform structure. In Figuré"I.S, the relationship bet_wéen crﬁcifonhation and
'DNA topology is emphasized. In instances where the inverted repeat is large, it is
'possi.ble that’ extrusion completely relaxes the D.NA substréte (as shown in figure L5).
Smialler mverted repeats may only bring about partial losses of ;:1 rcoilihg
Expenmentally, changes in DNA topology are detected by shifts in the clcctr0phorct1c_
moblhty:of the DNA molecule. In general, supercoiled molecules migrate faster than
' relagccd or partially relaxed dcriQativc’s of thé same because they are more compact and- '
_ﬂencountc; less resistance in the gel matrix. | p
' Supc;rcoili_ng in vivo is modulated by the catalytic activity of DNA topoisomerases,
enZ)imcs that change the iinking number of DNA in incrcrhcnts of one or two (reviewed
by Gellert 1981 Drhca, 1984; Wang, 1985) Type I topmsomcrascs change Lk by 1,
in effect passing one strand of the DNA molecule through the Sther. Mcchamsucally, thc



7,

EXTRUSION

"

ADSORPTION -

oy

Lineform Cruciform

n

~

Figure 1.5 Topological impact of cruciform extrusion. On the left side of the reaction,
_inverted repeai sequences (inverted arrows) are present in the lineform in a negatively
. supercoiled circular plasmid DNA molecule. On the right side of the reaction, the same

sequences are shown after cruciform extrusion. There is an accompanying decrease in the

. number of supercoils in the circular domain of the plasmid. As shown, the mverted
repeat sequences were large enough to completely relax the DNA miolecule.



enzymes nick the DNA, store that bond energy in the form of a covalent phosphiltc ester
uﬁﬁge_to the DNA, change Lk and then reseal the nick. The actual‘ mechanism of strand
passage is unclear. No eiternal energy :omc.c is ncqmmd as the en'zyincs passiVély relax
positiv? or ixégative supercoiling. Typc I topoisomcrascs change Lk by 2. Energy
.cof‘ac’tbrs are required as they can, in some instanccs: introduce supercoils*as well as
" remove them. Type\lI topoisomc}'ascs, gyrase of E. coli, for example, introduce trz}r)sicnt

double-strand breaks allowing double-strand passage through duplex DNA.
: (

-

Bacterial DNA in vivo is highly underwound and has a titratable superhclic'al density of
» -0.06,;to -0.07 (Lilley, 1986b). The superhelical density of DNA is equal to the ratio of
its linking diffcrcﬁce (ALk =Lk - Lk°) to the number of turns of helix in its relaxed state
(LKk®). Oniy about half of the native superhelical déhsity is mar;ifestcd in vivo in the form
of torsional strain. The remainder may be constrained by the winding of the DNA about
the protein HU (Rouviere-Yaniv and G_ross, 1975; Greaves et al., 1985; Peck and Wan g
1985; Lillgy, 1986b). -The situation is even more unclear in eukaryotic cells wheré the
torsional state of the DNA is grcatly influenced by the nuclcosomal wr'apping‘;;)f the DNA
| (Sinden et al., 1980). The amount of native superhehcal strain in eukaryotic DNAs may
be even less than that i prokaryotes because the DNA is extensively wrappcd around
histones. In certain states however, chromosomal DNA may behave more like naked
supcrcoﬂs ( Ryo_]l and Worcel, 1984; Luchnik et al., 1985). Thcre is ufcrcasmg cv1dcnce
that changes in ‘the degree of supercoﬂmg in vivornodulate gene expressnon (Menzcl and
Gellert, 1983; Drﬁca, 1984; Han et al., 1985; Ellison et al., 1987) and it has been argued
that this capécity is mediated by changes in DNA sccondary structure that influence the’
interaction of the DNA with transcriptional protcms (Iacono Connors and Kowalskx

1986; Lilley, 1986b). L oo
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Torsional ‘strain can be accommodated by alterations i‘n the secondary™and the tertiary
structure of thc DNA mole:ule. 'I’hc balance between modiﬁcations in secondary and
tertiary structure will be influenced by the nature of the sequences, environmental
conditions such as temperature and ionic strength, and the degree of supercoiling.
Cruciformation is just one c.xamplc of a change in secondary structure that absorbs the
torsional strain of negative supercoiling. Other possible n'ansiﬁons‘invoive ﬂlc formation
of left-handed Z-DNA (Wang et al., 1979), slippage structures with B-form DNA
characteristics (Dickerson and Drew, 1981), the melting of DNA (Vinograd er al., 1968;
Walter et al., 1967) guch as may' facilitate certain DNA-protein interactions (Riggs er al.,
1972; Renz and Diy, 1976;.Lillcy, 1986b) or the appearance of an uncharacterizgd‘"
- structure associated with polypurfr'lc-polypyrimidine stretches (Lilley and Hallam; 1984;
Pulleyblank et al., 1985). In theory, any DNA ﬁansition that alters the helical twist of the
DNAis a potcntial medium for thc‘modulation of gene expression by manipulating'the
~ global influence 6f su;;ercoiling (Iacono{-;connbrs and.Kc?walski, 1986) or by pfoviding a ‘
rccognition-si)cciﬁc alternative strucnirc.“ Qrﬁsifpnna(tion has been consjdcred as.a’
. biologically signiﬁcaxit event in these terms (Sinden et al., 1980) and, furthermore, could
influence DNA metabolism in other ways since crufciforms have been shéwp to bind
‘histone octamers poorly (Nickol and Martin, 1983; Weintraub, 1983) and may disrupt
chrotﬁatin structure, A recent report indicates that crucifrpm stiuctures alfer the phasing
of quleosomcs in chrotnatin (Nobile et al., 1986).
_ e

' Attempts to find direct evidence for the presence of gruciforms in vi‘vo have been
unsuccessful. In one case;, DNA that was cross-linked in vivo was isolated and probed
for "trapped" Cinfonns but no significant presence was disg_overed (Sin('lenA ¢f al.,

- 1983). Lyamichev et al. (1984) and others (Courcy and Wang, 1983; Greaves et.al.,
» . ’ \
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1985; looked for changes in the supercoiling of a pl‘asmid bearing aninverted repeat
sequence in vivo but found no s?gniﬁcant differences between this plasmid and one
without'the repeet. The a_ssuhptiqn was that a plasmid bearing a crucifqrm would have a
higher titratable superhelical density because in vivo mechunisms would have restored the
supercoiling lost during cruciformation. Haniford afd Pul ank (1985) did‘detect
changes in plasmid supercmlmg assocxated with the extrusion of a (dA-dT) repeatmg |
sequence into a cruciform. However, for the effects to be observed, these authors had to

r
inhibit protein synthe51s by pmsomng t{le host bacteria with chloramphenicol. There is,

-~

as descnbed earlier, a possxble mvolvemcm of cruciformation in the mstabllxty of large
. mverted repeat sequences in vivo but no clear ex;;eﬁmental example of a blologxcally .
significant cruciform extrusion event in vivo. There may well be specific situations whcre
a functional role for cruciforms exist. The prpbability that a lineform-t%-cruciform
transition is biologically feasible w1thul a given DE\IA sequeuce will be a functiog of the
unique ehermodynanuc parameters associated with the reaction.

»

’F." The Energetics of Cruciformation

& '

Yoo

Theoretical calculatxons of the amount of supercoﬂmg energy that would be required to
stablhze a crucifprm structure extruded from a typical native inverted repeat sequence
suggest a value of 25 kcal/mol. This amount of energy, and more, is present in bacterial
DNA presuming that the titrated superhelieal densitics_measured in vi{r“o for;native "
plasmid DNA reflect in vivo values, either localty or transiently (Mizuuchi e gl., 1982b;
Lilley, 1986b). Lineform—to—_Cruciforfm transitions m a number of natura} and artiﬁciai
| palindromes®have, been studied in vitro. Typically, the transition is detected by usinug'

chemical or enzymatic probes specific for structural elements of the cruciforms or by

1
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' observing 'change‘s"in the electrophoretic behaviour_of the DNA a.ssociated\vvith’the -

/ transition.

~ The vdis'tinctivev features of the 'crut':iforrn identiﬁable by curfent probes are, the .

" , single-stranded hatrpln loops that consrst of the nucleoudes present at the two—fold axis of ‘l
‘l the mverted repeat and: the fourth rank DNA Junctton at the base o£ the crumform stems :

. The unparred nucleondcs res1d1ng in the hatrpm loops can be mapped because of thexr ‘

) reacj;ivuy to bromoacetaldehyde or osmxum tetroxxde (Greaves et al 1985 Hamford and ;
;Pulleyblank 1985; Naylor et aI f986) Bromoacetaldehyde forms adducts w1th |

| exposed dA and dC reS1dues that are sensitive to "N- glyCOSIdlC cleavage o

,‘ Apunmc/apynrmdmlc snes created this way are cleavable by treatment w1th plpendme
(Y OShIO 1980).. Osmium tetroxxde wxll also form adduets w1th exposed bases, rendermg

them permanently smgle s»tranded (then et al., 1,984) and suscepttble to

o . ,smgle-strand-spemfic nuclease digestion. Cleavage posmons followmg exther reaction

can mapped W1th°i'espect to nearby restncnon s1tes and mdtcatlve of crumformauon 4
: 'v these w111 map to the ax18 of dyad symmetx‘y for anmverted repeat sequence The loops .
“can aSo be 1dent1ﬁed dlrectly by thetr suscepubtlty to smgle-strand-specﬁc endonucleases

 such as Bal 31 nuclease mung bean nucleasc and S1 nuclease (Lxlley and Halla.m, 1984 ’

, »v Naylor et al 1986) Asa rule, these probes do not detect any smgle-strandcdness in the -

o : Vt01mty of the base of the crucrform structure suggestxng that there are n@ unpalred bases

_ atthe junction. NMR evidence supports this conclus1on (see sectlon G, tlus chapter). An'

o alternauve met.hod is appheable if the tnverted repeat sequence that is being prolped has a

restnctxon sne at the dyad axis (Mrzuuchx et al 1982b DeLange et al., 1986)... In the
| Cmclform, the site will be dxsrupted by'the formanon of the hairpin loops and n8 cuttmg =

‘would be observed whtle cleavage would be observed 1f the mverted repeat sequences

-
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were in the_ ,lujeform .The base ofa crucrform, on the’ other hand can be detected by 1ts

‘ -susceptlblhty © the Hollxday-resolvmg enzymes T4 endonuclease VII (Lilley and Hallam :

5 1984; Lllley and Kemper, 1984' Naylor et al 1986) and T7 endonucleaSe I (Panayotatos

and Wells, 1981 DeLange et al 1986) which cleave at or very near to the actual

phosphodrester crossover (see section I, thrs chapter) Once the extrusion of a crucrfonn' .

" has been venfied. crucxformatron is more readlly analyzed through changes conferred

upon the- electrophdretlc bqhavrour of the DNA (Wang et al 1983 Gellert et al 1983

v Panyutln etal., 1984)

- The free energy of formation of a cruciform structure is estimatedfrom the free energy of

| supercoiling of the plasrmd toporsomer (a plasmld molecule wrth a unique Lk) at whrch .

.there is approx1mately 50% crucxform formation (revrewed by Lilley, 1986b). The

.1dent1ﬁcanon of the toporsOmer at the transition pomt can be made by observmg changes -

- ‘in the gel mrgrauon of mdrvrdual punﬁed individual toporsomers or, more convemently,

- 'by a similar analysrs followmg the tWo-dlmensronal agarose gel electrophoresrs of '

complete toporsomer dxstnbutrons (Wang et al 1983) The free energy of supercorhn g

Cof a topoisomer can be computed given the tgporsomers lmkmg dtfference and size m L

base pa1rs, accordmg to the equanon gwen in Chapter I, Matenals and Methods (Depew

'and Wang, 1975 Pulleyblank et al .1975; Horowrtz and ‘Wang, 1984) - The energy of

formauon related to any torsron mduced structural transmon approxunates the dtfference

in free energy of supercorhng in the top01somer identified at the mrd-pomt of the transition

’before and after the transition has occurred. With crucxformanon it is unpbrtant to reahze ;

that oncethe hairpins have formed the size of the cruciform should have lttq$mmg on
its energy of formation. Variably size# cruciforms extruded from the same lar_ge inverted

repeat sequence are related by branch trxigr-ation at the cruciform cross_o'Ver. This implies -
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“an equal exchan'ée of base pairs between the interstranded and intrastranded branches at

' N0 energy cost. Branch mlgrauon at the cruciform Junctxon should not affect the stability _

of the structure once it has formed unless the mverted repeat is 1mpetfect and extra-helical |

bases appear in the crumform hairpins (Robmson and Seeman 1987) The appearance of

' cxtra-hehcal bases would shift the equthbnum to the lineform of these sequences since

unpa.lred bases are in a hlgher free energy form than Watson Cnck base palrs

Linking differences are determined experimentally by the band counting method of Keller

(1975). How this is done is best explained in the cont%xt of the 'two-difnensional agarose
gel techmque that has been used in expenments dcscnbcd in Chapter I F1rst complete
tOpOlsomer dxstnbuuons are prepared either by the limited relaxation of native plasnnd o
DNA (which charactensucally consists of a populauon of topoxsomers w1th a hmned |

range of lmkmg numbcrs) with topmsomerase I (Lee and Bauer, 1985) or by completely

’relaxmg the DNA with topmsomerase Iin the presence of vanable amounts of the -

mtercalatmg 3rug etludlum brormde (Panyuun etal., 1984) DNA «mtercalato;s,unwmd,

" DNA (ATw is negative and AWr is usuaily posmve) toa dcgree that is directly related to

the amount of drug bound. Followmg the/enzymatlc relaxauon of treated DNA the

removal of the drug increases Tw and a ‘degree of negative supercoiling (as a—neganve

’AWr) is rcstoned to the DNA. A s1gn1ﬁcant range of ncgauvely supercoﬂed topmsomers
can be prepared usm} vartable concentrauons of drug. :

L >

Next the topotsomcr distribution is electmphoresede\ and the topotsomers are sen.watcd on

" ) the basis hnldng d1fference and secondary structure (coHecuvely, these param¢ters will

determme the numbcr of superturng in t.he molecule) The gel is then turned 90° rclauve to-

éb‘?

the dlrecuon of electrophorcsm and -electrop'horesed in a second d1mens1on in the
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‘prescnce of the intercalad'ng' drug c'hloroqui‘ne Unwinding of the DNA induced by
hloroqume bmdmg dcstablhzes any torsron -induced altcmauvc structures which were
+ present in the first dimension so that separauon in thc sccond dimension i is solely on the‘\
A basrs Of linking difference. ‘A distribution of toporsomers differing by a linking number.

‘ of one w111 form a smooth, umntcrrupted curve of DNA bands or spots. Toporsomcrs in

which crucrformauon (or anothcr transmon assoclatcd wrth a ATw) has occurred will -

rmgrate slower in thc first dimension and wrll be displaced abovc the profile. Thc ALk of '
the topmsomcr at the threshold of cruciformation, or demonstratmg 50%-cr‘,uc1form
| formation, is determined by cOunting dow‘n the profilc‘ beginning with the slowest
rrrigra_ting band whose ALk will‘appm)irmate zero. The arr{ouni of sequcncc- extruded in
the form of a cruciform can be estimated from the rcduodon in topoisomer mobility" s"inbe | ' "
every supercoﬂ lost will bc roughly equrvalcnt to the rcmoval of one turn of hehx from the

cucular core of the toporsorner by crucrformauon (-ATw AWr, since: therc isno change

, mlmkmg number) (Hamford and Pulleyblank 1985 ‘Nayl ., 1986). Gcncrally, if

the ATw charactcnsnc of a structural' %smon is known thc amount of sequence
, comrmttcd to the transition can be cstimated &s way. Finally, the energy of supercmlmg
(torsional energy) remarnmg in the crucrform bcarmg toporsorner is esumaxed by

companng &sfmoblhty with lmeform plasmids (of a lower negauvc ALk) and subsuruun g
that ALk into thc AGq calculauons. f o ' { .

In close agrecment with theorcucal calculations, the energy of formauon of cruciforms
- derived from several short palmdromes in vitro is typrcally around 18 to 25 kcal/mol
(Courey and Wang, 1983; Gellert et al.; 1983; Lilley and Hallam, 1984 Panyuun et al

. 1984): Native inverted rcpcat sequcnccs that were pcrfcct yet non- pahndromrc were

&
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tested as were some arnﬁcml pahndrormc sequences Crucrform structures denved frOm
a repeatmg (dA—d'I')34 sequence from aXenopus globm gene had a much lower enex(gy of

formauon of about 13 kcal/mol (Greaves et al., 1985; Haniford and Pulleyblank 1985)

y Modest levels of supercoﬂmg (a superhelical densrty of around -0.03) are requrred to" :

g%
%

-,

stabthze these cruciforms, equrvalent to What is expected to be the effectwe superhelical
densxty of DNA in vivo (Lllley, l98_6b). S_pecrfic feanires of cruciform structures '
contribute to their energy of :formation A very srnall ‘cruciform for instance, would not
be stable since the free energy return provrded by pamal relaxauon would not be sufficient
to meet the energy of formanon Imperfect inverted repeats could mamfest higher

energles of crucxform formation if it leads to the presence of unpalred bases m the |

- cruciform stems or greater than four unpaired bases in the ha1rp1n loops (MllellChl etal.,

1982b). A minimum of four unparred bases in the hairpin 1oops has been indicated

(Lilley, 19864).

'S

A sccond 1mportant thermodynamic parameter governing crucﬁ'ormangn the energy of
cnvauon, is deteérﬂned by correlanng rates of extrusion to temperature in the form of ~
Arrhemus plots (Sulhvan and Lrlley, 1986). The energy of acuvatron is a measure of the
energy barrier to crucxformatlon (the free energy of the transmon intermediate) and reflects
the facxhty of the lineform-to-cuciform transmon under the expenmental cond1t10ns Early
Teports 1nd1cated that the transmon was very slow (measured in hours) at reasonable
" temperatures, optlmal salt concentrations and at superhehcal densmes sufficient to |
stabilize the cruciform 'gCourey ‘and Wang, 1983; Gellert et al., ,1983; Sinden and
Pettijehn,‘ 1984). *The transition was.so slow that tbese authors eoncluded that |

_ V3 ) : ’ . ¢ ) . E
cruciformation would be kinetically forbidden in vivo. Some sequences, however, can
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-t;orm cruciforms with relative ease. -Alg'ain,‘the repeating (dA-dT)34 sequence was
| éxg:eption'al in this context. ﬁo higg&_encrgy barrier &as observed duﬁpg the ex&usion of
these sequences into the cruciform (Greaves et al., 1985; Haniford \and Pulleyblank,
1“985')._ On the other h'ang, it appcai's that the presence of an A+T-rich 'sequc'nch
downstréam of an inverted rcéeat sequence is sufficient to alter the kinetic pathway to the
extent that thé eneigy of acﬁvatidn'inc;eases dramatically. (Smsivan émd Lilley; 1986).
‘The introduction of downstream A+T sequcﬁces also cRanged tt-1c Optimﬁm salt’
' .concentration for the extrusion Evcnt, indicative of an aitemgfve mechanistic pathway: for
crﬁéiformatiori Considering that repeating '(dA-d'I')‘ seqﬁznces‘ can be extruded into
- cruciforms in vivo (Hamford and Pulleyblank, 1985) and the evidence indicating that
‘crumform transitions in (dA- dT) sequences, occuf rcadxly if torsmnally strcsscd a
| b1010g1<;_ally relevent cmplformanon reactxon v_could, with the gredtest. probablhty, be
associafed w1th A+T palindromic (or near-palindromic) sequences in a context that was
othefwisé not A+T-rich. ~ Q |
The nature of the high energy mtennedxatc in crumformatxon is reﬂected in the kinetics of
crumform extrusion though its precise structure is not known. Salt concentrations of '
- 0.03M to 0.04M were optimal for cxtrusion of thc" 48 base pair palind:omc in puUC7
plasrmd DNA Above or bclow these concentratxons, rates fell off prcc:pxtously
Spcrdemc enhanccd rates of extrusxon 3-fold whercas other tnuluvalcnt catlons like
magnesium had no cffect Extrusxon rates also increased thh increases in-negative.
linking dlffcrences* Thc spcrmldme effect suggests that neutrahzatlon of rcpuls1ve .

electrostatic forces is rcquxred in the transition intermediate (to stabilize the mmalDNA

- junction, for instan7) and the supercoiling effect indicates that negative supercoiling
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stalbilizes the reaction intermediate. Gellert et al. (1983) have argued that simple‘
denatured loops were not hkely the mtermedmte because s:gmﬁcant differences in (G+C)
content af the axes of inverted repeat sequences appeared to have little mﬂuence on the
" faclhty of extrusion. Nevertheless, they d1d aclcnowledge that the c0mplex dependence of
vrates on NaCl concentratlons “could reflect the mvolvement of denaturauon and"
" renaturation durxng extrusion: yutin et al. (1984) tentatlvely identified what they -
believed to be an intermediatem transition to a-cruciform. A DNA species with an .
Uelectrophoretw mobility mtermedlate to that of the lineform and cruciform plasrmd was
‘observed, but it has not been charactenzed any further. Lilley (1985 and in Sullivan and
| Lilley, 1986) proposes two mechanistic pathways for the extrusion of cruciforms. Both.
pathways invoke the'drenatm'ation of the .DNA; in one, the DNA involved in the transition
is completely denatured as an intermediate in the strand exchangéprocess, whereas in the
| spcond there 1s only partial denaturation of the involved sequences and branch rxﬁgratipn
' completes the strand exehange ;eaction | A tétra-stranded DNA stx;ucture has be'cn
‘ proposed to mediate branch migration during geneuc recombmauon (Wilson, 1979) and

could conceivably participate in ‘cruciform extrus1on as well.

To summanze; certain features of inverted repeat sequences such as thexr base

. composition and symmetry, thelr context envuonmental mlheu and topology can
inﬂuence cruciform extrusxon The sequences of the mvertpd repeats characteristic of ‘

* prokaryotic DNA have the nature that they probabl/ kineticalty ‘forbld spontaneous

. extrusion under physiological conditions. In responi to changes in topology A+T-rich"
seq’ﬂlénces are notably polymorphxc (Hamford and lleyblank 1985) and perhaps by

| some related structural transition they influence the extrusion in nea:by mvened repeats

(see -Iacono—-Connors and Kowalskl, 1986). Barners to cxtrusmn could be overcome by.

v
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catalysm in vivo. Any process that promoted/ the the unwmdmg or denaturauon of DNA
sequences as might occur dunng rephcauon transcription or recombination, could
Vfac111_tate cruciform formation (Courey and Wang, 1983; Warren and Green, 19.85).
Likewise, certain prbtei;\s may catalyze cruciformation if tney bind to and thus 'stabilize
the hairbin loops p'r the high energy intermediate in cruciformation. A specific profein, :
such as a helicase, could catalyze DNA unwinding. In :light of the inability to detect any
. steady state levels}of cruciforms and the proven‘instability of inverted repeat sequences in
vi:zo if cruciformatic;n isa biologically significant event, it is likely to happen trunsiently
N and under specxﬁc conditions which regulate its occurrence. It is probably noL

~ coincidental tha ukaryoue systems tolerate larger inverted repeat DNA sequences and\

‘sequester and regulate the superhelxcal strain in chromatm

G. The St_ructui'e of the Cruciform Crosse;'er: A Fourth-ranked DNA

Junction
’ v

[N

The branched DNA junction fom;eg at the base of a cruciform is locally identical to a
Holliday recoml;inaﬁon mtennediate and t>hus is potentally a biologically functional -
| stfucture (Mizuuchi et al., 1982a). The Holliday structure (Holliday, 1964) is widely
accepted as the mtermedlate fom? d by the exchange of single-strands during

recombmatnon between two homologous DNA duplexes (Slgal and Alberts 1972;

N
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Meselson and Radding, 1975°‘Szostak 1983). Recombination enzymes that recognize
: and *resolve Holliday structures in vivo will likely recogmze cruciform junctions as well
'(Courey and Wang, 1983; Gellert ez al., 1983). Four BDNA duplexes converge at t the
branchpomt in these structures to form DNA junctions of the fourth rank. Strictly '
speaking, Holliday structures always possess ani axis of two-fold symmetry and, can
] branch migrate in either direction whereas this is not true for those ct'uciforms that have
been extruded to the full extent of the inverted repeat sequence and are trapped 'th,ere by’
excess supercoiling in the DNA molecules Beyond what has alrea1dy been inferred about
the strqcture of four-way junctions from experiments with chemical and enzymatlc :
‘ probes, their actual structure remains uncq\am | ,
A variety of four-way junctions have been‘ created for 'physical and enzymatic studies.
Cruciform-bearing plasmid DNA molecules hove been the most studled Other substrates
haVe included chi-structures, artificial junctions created from restriction fragments (Hsu
and Landy, 1984) and synthetlc polynucleotldes (Kallenbach et al., 1983; Evans and’
Kolodner, 1987; Kolodner et al., 1987), as well as artificidl cruciforms formed from
restriction fragments w1th limited homology (Gough and Lilley, 1985). These various. |
Holhday structure ana.logs differ in 51gn1ﬁcant ways. Some possess dyad symmetry
whxle others do not; some are topologlcally constrained and under torsional strain (most
R plasrmd-bome cruciforms) while others have topologically free DNA branches
(chlvstrucmres), and some branches form halrpm loops whlle others have naked DNA
ends. These substrates have been used to study the kinetics of branch mxgratlon at”
Y I-Iolhday junctions (Thompson et al., 1976; Mizuuchi et al., 1982b) Junctlon
conformation and in the characterization of Holhday-resolwng enzymes (discussed in the

followmg section).
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For clearer definitions of DNA structure, investigators currently rely on the application of
‘ high resolution technique; like NMR spectroscopy and X-ray cryst/allo)graphy (Wang et
ql., 1979; Patel et al., 1985, for example). NMR spectroscppy has been applied to the
study of small fourth-rank junctions (Kallenbach et al., 1983) but.results have been
- ambiguous. In SOllﬁl;(_)n; either the junction existed in two conformers' of comparable
stability or certain hydrogen-bonded ba_sc pairs existed in more than one unique
environment within the same conformer. The data did indicate that all base ‘pa1rs were
intact,. incld“d,@hg those ad}acent‘to the crossover point, but it was not possible to ascertrxin :
whether ﬁlc doplex bounding the junction was typical Watson-Crick DNA. A monoclonal
antibody raised cgaihst and specific for cruciform DNA has been obtained, but precisely
| '\yhat structural fearure'of the junction it recognizes has yet to be established (Frappier et

" al., 1987).
S &

When Holliday (1964) ﬁrét reported his version of the recombination junction he
_ representcd it, perhaps by happenstance, with :the four DNA branches _arrringed RN
tetrahedrally in space. Sigal and Alberts (1972) later proposed that the Hol:liday structure -
was pla‘nz;a} and the' homologous duplexes were aligned paralle] to..each-other. This model
~ hassince been calle'd the unpern;rbeﬂ helix-axis (UHA) form (Seeman, 1981) since pairs
| of branches (the branches of a homolog, for example) are base stacked and sharc the
v 'same hehx axis. The UHA structure was favored because i it was rcadlly accommodated
.by space-filling modcls the energy gained through base-stackmg interactions would
.enhance its stablhty, a,nd the 51mple rotation of the hcllces in the same sense (rotary
d1ffu51on) could drive branch point xmgratron At about the same nme Sobell (1972)
postula_ted that the Holh@gy'str_ucture was planar with the four branches related by

 pseudo-four-fold symmetry. The three structures aré illustrated in Figure 1.6, modified
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Figure 1.6. Holliday structure conformation. Three versions of a Holliday structure are
shown. The tetrahedrally arranged form has been described by Holliday (1964). The
Sobell form has pseudo-four-fold symmetry (S4) and the unperturbed-helix-axis (UHA)
' form is described in Slgal and Alberts (1972). Helical turns have been removed m:
minor groove; M: major groove.



38

e
1

SO as to represent Crudiform structures. There is no p’rpmical evidence directly supporting
one conformation over the othcrs.‘ ‘Electron microscopic obser\"ationg tend to.favor either
the Sob;lL model or the tetrahedral arrangement (Dmsslér and Pqné:'/, 1982) since parallel
duplcx?s are not ob'§'erved. Gough and' Lilley (1985) rcporf\cd\t‘hat DNAs bearing
cruciform jmcﬁons behave clqchophorctically much like bent picc;s of DNA and suggest
. that this could only be §Q if the branches ofmthc junction were tetrahedrally arranged.
Clearly the three structures are related by branch flexibility at tth junction anci many

intermediate conformations are pgssible.

A theoretical consideration of the structure and dynamics of Holliday structures by
" Robinson and Seeman (f987) has emphasized the ;igniﬁcance of junctional ﬂcxibi!’\ity.
" Energy minimization calculations performed by these authors v_;cre‘ used to compare the
r’cla}tivé stabilitjé: of the three structural forms desgribed:in "Fi.gurc 1.6 and all intermediate
forms as well. 'fheir model bmldmg relied predominantly on estimates of the electrostatic
repulsion and electrostatic torque in the phasphodiester ba'ckbonz\". The p;'cferred structure
they identified is most like the planar conformation proposed by Sobell. They suggested
however that branch migrati.on‘was not likcly to occur in this gonfonnaiioh'sincc rotary
. diffusion in one branch would be resistea by viscous drag encountered by the adjc:>ining
| branches. Instead, thcy pf;:dic-tcd that during branch migration the "structu;'c transiently
c,on\(e'rts- to ;hc highef encrg)""UHA form because little resistance would be encountered in

-

branches that shared the same helical axis. ' a

Conformation and’ conformational flexibility are important parameters governing the
interaction of proteins with the Holliday structure. Itis not obvious, but of considerable
importance, that junction-specific proteins will discern a sidedness to the junction. Ata

3

¥
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junction with dyad symmetry in terms of the 6rimary Bl:IA sequerge, sidedness is
deterniined by the disposition of the major and minor helical grooves at the branchpoint
(Robinson and S(c};man, 1987) Prcsummg that normal B-form DNA surrounds the
junction, above the plane of the junction the DNA branches will face each other across
eithet of the twd helical groovcs. On the opposite face of the junction the opposite
. grooves will be in apposition. This sidedness can be appreciated vfrom the drawings in
Figure 1.6 where the grooyes at the junction have been labelled. Due to the helical nature
of the DNA, the phasing of the grooves will obviously reverse itself cvefy half-turn of
Pélix (and repeat itself every turn of helix) further along ;hc bxfz}nches. Proteins which
bind the junction will most assuredly discriminate between the fa;cs of the junction on the
basis _.of specific interactions ii will have with the major and minor grooves.
l{J)nfortuhhtely, the only proteins known to spcciﬁ;:ally récognize a Holliday crossover are
the recently discovered moﬁoclonal “antibody (Frappier et al.y, 1987) and the
‘ Holliday-,resolvinééﬁzymes, and their binding interactions have only be;en considered in

~ gross structural terms.

H. The Structural Dynamics of Holliday Junctions

- . el

In models of genetic recornbination (Holliday, 1964; Sigal and Alberts, 1972; MeselLon

and Radding, 1975; Sosztak, 1983) the UHA form of the Holliday intermediatc has Been‘

o~

endowéd with two significant dynamic propcmes branch rmgrauon and isomerization.

Branch migration was imposed-on the model to account f&e genetic ‘evidence for strand
exchange and the formation of hctcmlogous DNA. Isomerization of the Holliday junction
*accounted for the crossing over of distant genetic markers as would occur when

homologs exchanged base-stacked branches (Meselson ahd, Badding‘, 1975).- Branch
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point migration has been studied in vitro (Thompson et al., 1976; Warner et al., 1979;

" Mizuuchi er al., 1982b) but there remains no direct approach for testing assumptions -

made with regards to isomerization mechanics.

Branch point migration implies the processive dr rindom-walk exchange of DNA strands
that occurs during genetic recombination between homologs and the cxt;usion or
adsorptlon of cruciform structures. In vivo, branch rmgranon is probably depcndcm
upon interactions of recombining DNA with recA protcm and is driven by an external

energy source (McEntee 2t al., ). Alternatively, it may be driven by DNA

supercoiling (Gellert et al., 1979n bsence of an energy source, rotary diffusion }')f

-

"the double helices can drive brj ment (Meselson, 1972; Sigal»and Alberts,
1972). Theoretical calculations of the Tate of branch movemerit that is driven by rotary
diffusion (Meselson, 1972) far exceed rates obscﬁrcd experimentally (Thompson et al.,
1976; Warner et al., 1978; Courey and Wang, 1983; Gellert ez al., 1983) suggesting that
rotary diffusion is sufﬁcierit to drive branch movement but is not ttjlc rate limiting factor

(Robinson and Seeman, 1987). The experimentally observzi rate is only 0.3% of the

mcc;retical rate (Thompson et al., 1976).

Rotary diffusion is most effectively transmitted into branch movement when Holliday

structures are in the UHA éonformation accounting for the wide acceptance of this

structural form (Meselson and Radding, 1975; Robinson and Seeman, 1987.). In this

structure the exchanged strands (the crossing strands) tether two parallel DNA duplexes

- (see Figu}e L.6). Rotation, in the s_amc;nse; of each DNA duplex about its helical axis

moves the crossover up or down depending on the sense of the rotation. Having

suggested that the Holliday structure converts from the Sobell form.(the planar

4

L]
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ct)nformatton with four-fold symmetry) to the UHA form durmg branch m1grat1on o
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= . \Robmson and Seeman (1987) predtcted that mean hfeume for the UHA structure would .

- only allow for the exchange of 2o0r3 base pan's before ﬂexura.l m%‘hon drove it back to'
the. Sobell forrn Isomerization of the Sobell fgrm to the UHA form ma,y be:one factor _
contnbutmg to the slower than expected rates observed for branch mlgratlon in vztro :
g J."(Robmson and Seeman, 1987). It is known that recA medxated stxfnd exchange can
& proceed past broad regtons of nonhomologous DNA sequence (FIOry ét aI 1984).
:.Consequently, in VIVO rmsmatches do not present the. bamer to branch mrgratton that they
} would for spontaneous, uncatalyzed reacuons The equlhbnum would stﬂl be shifted to
the state where these nucleot:tdes were base paJred however (Robmson and Seeman,
| 1987) ‘ |
' These consxderanons of branch rrugratton have omxtted%xe mﬂuence of DNA topology ;
’ Meselson and Raddmg (1975) assumed that DNA would be ﬂexrble enough to tolerate the |
' ’.degree of rotary d1ffusmn requrred for branch tmgrauon in vivo. Cex‘-tamly,‘tf the DNA
‘was topologlcally constramed rotauon of, the DNA would 1ntroduce a supercoxhnv
. component into the equauon For example, the rotation of a DNA branch W1th one .ﬁxed ’
: end (by subcellular attachment or constamed by a nucleosomal structure) would alter the '
hnkage of that DNA (change Lk) and since the number of base pa1rs is ﬁxed Wr would,
change accordmgly Supercorlxng could oppose branch rmgrauon or p;pmote it, as in the

‘case of cruc1form extrusxon m plasmxd molecules, dependmg on whether it was. negau%‘

or posmve Slmllarly, topology could: mfluence an 1somerxzauon of the Junctlon by, -

' restnctmg certain movements of the branches through space (hke rotanons) as .
N A

..

A Hollidayﬁl junc_tionis ‘cap,,able' of tmde'rgoing a number of speciﬁc- structural transitions o



v T
that have ‘been identfffed as independent iSomedzation processes. Traditionallv '
isomerization has been used in reference to the arm rnovements that bring the uncrossed g

) .‘.strands of a UHA structure into the &rossed conﬁguratxon (and vice versa) as ongmally :
| | descnbed by Meselson and Raddmg (1975). Branch tmgranon may be regarded as a'
~second form of 1somenzauon but when considered solely in the context of. UHA
‘ strucmes,_ unconstramed by the topology of the DNA, and dnven by rotary diffusion, no
- gross ‘conformational alteration would be imposed upon the junction. The'orientatiOn-of
, ‘the,"DNA brénches can remain unchanged,‘as can the relative disposition of the helical‘ ‘
‘grooves at the crossover point (Robi‘nson and Seeman 1987). A third form of -
: f‘%menzanon can be imagined that reverses the phasing of the helical grooves at the )

q

A branchpomt In section (G) of this chapter Holhday structures were descnbed as havmg o
! '

i two faces In the Sobell structure for mstance, minor grooves will com/erge at the

branchpomt on .one face while major grooves w111 converge at the crossover on the

i _ opposne face A potenual but as yet uncharactenzed 1somenzanon associated with a

%

/i 'Dav of the DNA could effect the phase. reversal.

The IS 'm pzatlon process descnbed by:\'leselson and Raddmg (1975) is reproduced in .

\thure L. 7 They postulated that the, Holhday-resolvmg enzymes,would cleave either the.

pa1r of crossed OF uncrossed strands in. a>UHA structure and therefore the outcome of the

reéombmatton event (tlfié incidence of geneuc crossmg over) would be determmed by the

usomenc form of the Juncuon By companson if these enzymes cleaved the Sobell form

of the crossover, 1n Wthh the junction axes are structurally equxvalent owmg to. thc o
_ pseudo-four-fold symmetry, no 1somenzanon need be 1mposed to, account for crossmg :
“over. Crossing over could be dictated, in this case, by the random selection of cleavage

~ axes by the resolving enzyme. According to the scheme of Meselson and Radding (1975)" .
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- Flguré L 7 Isomenzanon of crossmg strands in a UHA form Holliday structure. The
- Meselson and Radding'i 1somcmanon is.diagrammed. Branch rotations bring alternative.
pairs of DNA strands into the “cgossed” configuration. -Axes of rotation are 1nd1cated by. *
. the greek symbols Hpmologous segments are tabeled A/a and B/b o . '
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where UHA and UHA* are isomeric forms, S4 corr'espo\nds 'to the Sobell struccure and
T2 and T2* correspond to the tetr‘ahedrally arranged isorner forms. An unanswered |
quesuon is whether or not the topologyof DNA in vivo or the topology of plasmxd -born¢

crucxform substrates invitro 1nfluence the ﬂextbrhty of the respecuve Juncuons and thus :

>

- the kinetics of the transition. | | )

Ly
v ) o *

o ’ : ) ‘a ';. :";:‘~2§,'-' »
I. Enzymes that Reso'l“e"ﬂblligﬁy Junctions

Endonucleases with a stnkmg spec1ﬁcxty for branched DNA structures have been used

%

- with increasing regulanty to probe for Holliday structures. They are far more specific

* than the smgle-strand~spec1fic enzyrnes (Sl nuclease, P1 nuclease, mung bean nuclease, ¥

and Bal 31) because they oleave very near the crossover point, in reglons of duplex DNA*
(Panayotatps and Wells, 1981 Kemper et al., 1984) Moreover, two coincidental nicks

are made on opposite-strands at the junction, resul_tmgm the resoluu_o_n of the branched

structure to linear nicked du'plex products' In the example of a true Holli‘daylntennediate

) resoluuon products would be the resolved daughter miolecules of the recombination event.

The equlvalent treatment of a plasrmd bome cruciform reduces a circular plasmxd to a

 linear molecule wrth mcked haxrpm ends (Flgure 1.8) when parr-wrsc cleavage occurs
| across one of two ]uncuonal axes. The hairpin. ends are denved from the crucxform stem

and loop structures.. The drstmguxshmg feature of the crucrform extrusion model for @

telomere resolution (McFadden and Morgan 1982 Szostak, 1983) mvolves precrsely this

s reactton whereby the "flip" and "ﬂ0p crucrform hau'pms becorne the lmear poxvrruses ,

-' genomlc terxmm "Three bactenophage enzymes are known to have Hollxday-rcsolvmg

: v'acnvrty. ‘They are lambda phage Int protein (Hsu and Landy, 1984), T7. gene 3 product, |
- endonuclease I (Panayotatos and Wells, 19815 and T4 gene>4\9vproduct, endonuclease VII -
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Figure 1.8. Resolution of a cruciform junction. The resolving axes are indicated by (2)

and (b). Resolution would be accomplished by cleavage of the opp051te strands along
" oneof these axes. The product has mcked hairpin termini.

(Mizuuchi er al., 1982a; Liiley and Kemper, 19‘84).' Recently, an activity that resolves
' cruciform junctions has been“identified in yeast extracts (West and Korner, 1986;
’Symmgton and Kolodner 1986 Kolodner et aI 1987) Int protem is sequence specxﬁc :

“mediates i mtcgrattve recombmatlon in lambda an

religates the broken DNA strands when
the recombination process is completed (Klkuc 1 and Nash, 1979). . i
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The bacterlopha’ge 'I'7 and T4 endonuclenses have been characterized both'in vivo and in

v ‘vltro and appear to cleave a spectrum of branched DNA substrates The T7 and T4

enzymes are required for tﬁe maturauon of therr respective phage DNAs and are involved

K

in genetic recombination (Kerr and Sadowsld 1975; Kemper and Black 1976). In vivo,
gene 3 and gmutants of bactenophage T7 and T4, respccnvely, accumulate high
molecular werght, muluply branched DNA by- products in xnfected cells which can not be
packaged (Stratlmg et al., 1973 Kemper and BroWn, 1976; Kemper and’ Janz, 1976;
Paetkau et al., 1977 ‘Tsujimoto and Ogawa 1978). The two cnzymcs drffer in that the
T7 enzyme has been shown to have arole in the degradanon of host DNA (Center et al
1970) but nonetheless, T7 gene 3 can COmplernent T4 gene 49 mutants (deMassy et al

1985). 'I'7 endonuclease I (Center and Richardson,_ 1970; Sadowski, 1971) and T4

. endonuclease ‘VII (Kemper et al., 1981; Kemper and Garabett, 1981) ‘have been nuriﬁed

and they have been shown to demonstrate a strong preference for single-stranded DNA
substrates. In addition to cleaving four-way junctions, both enzymes can cleave
three- -way junctions (Y-st:rt"lcmres) that have single nicks at the junction or that have

'

unmterrupted phosphodlester backbdnes (Jensch and Kemper 1986 deMassy etal.,

© 1987). In spite of their demonstrated specxﬁcrty for single- stranded substrates, the T4 |

and T7 endonucleases do not cleave cruciform structures in the smglc-stranded loop .

segments of the hairpin arms. .

In vitr‘b‘, T7-endonuclease I cleaves specific branched DNA substrates on the 5' side of the

: junctio'n, anywhere from 1 to V4 bases away ,ﬁ'orn the predicted crossover phosphodiester

~ (de Massy et'al., 1985; Haniford and Pulleyblank, 1985; de Massy et al., 19.87,).( T4 -

endonuclease VII, on the other hand, cleaves.3’ of the jnnction‘,'”l to 5 bases removed

from the crossover point (Kemper et al., 1985; Jensch and Kernper, 1986). In both cases’

- v . <



47

nieksare left unsealed in"the product molecules but there is snbstantial &idence that the

mcks can be closed with ligase demonstrating that'no single-strand gaps are genet‘ated.‘ ‘

The rc'ladvely broad region of c’tTttingladjacent to the crossover may reflect either the lack
of structural spec1ﬁcuy in the actton of the enzyme or the fact that none of thc substrates

| used had the stnctly xmnﬁé or fixed, branchpomt they were desxgned to have (I ensch

' and Kemper‘1986) Regardless, there appeared to be httle difference in the manner of

" cutting relative to the rank of the Junthn the degree of torsmnal strain in the DNA

'~ branches or the symmetry of the sequences. With T4 endonuclease VII, a modest level of'§

P
"r\

sequence speciﬁcity was observed (Kemper et al., {985). \

, 'I‘he observation that resolutlon by these enzymes enerates hgatable nicks demonstrates
that there has becn symmetrical cleavage across both strands. of the junction.
Consequently, the variability in the number of sensitive sites near the junction is even:
more remArkable. In the event that this observation is independent of the mobility of the
junction, either (i) there is a stnct COOperauve interaction between two catalytw moieties to
* ensure that equlvalent cuts are made, or (u) nicks are made sequent1a11y and the position
of the first nick directs the placement of the second (Jensch and Kemper 1986). Kemper
-~ etal. (1985) have proposed that the enzyme acts as a dimer and bmds to the juriction in

such a way that it can recognize the paxr of crossing strands (as i in a UHA structure) and

cleaves them cooperatlvelyi. ) e
J. The Thesis 'Pr_(:eo‘sition

Two general queries are addressed:

-

1. Does cruciform extrusion from the telomere inverted repeat sequences of poxvirus



réplication intemiediatcs modiate resolution to daughter telomeres?
| 2. Wm the specificity vof‘ Holliday-rcsolving enzymes for branched DNA substrates?
The cruciform extrusion model for telomere resolution implies/that, (i) crucifonnation in .
" the secjuenccs of the telomere concatameric junction is ehergotically feasible in vivo, (ii)
strand exchange can p}occed past the asymmetric base pairs so that the "flip" and. "ﬂop
telomerc forms are generatea and, (iii) vuus-cncoded resolving enzyme exists that can -
cleave ﬁme cruciform crossover at a specxﬁed point wnt;n the telomere sequences DNA
‘topology has a profound impact on cruciform extrusion and branch rmgrauon. It also
. affects the conformation of Holliday structuresl in a way thaut, as shall be shown, |
dramatically mﬂuences the suscepublhty of the junction to resolvin g clcavagc Thus, the
abovc questlons and assumptions are considered with parncular attention to DNA .
topology.
) ‘ m Sy,
Given access to the cloned te}olné’fc sequences of SFV (m plasmid pSAIB. 56A DeLan gc '
et al., 1986) and by employing techniques descnbed in sections E and F of this chaptcr it
kwas poss1ble to characterize th_o thermodynamic energy parameters govermng
cruciformation in the SFV ‘concatameric junotion iﬁ vitro (Chapter II). In vivo stability of .
the cloned mverted repeat was mvcstlgated as was the effect of the cloned mvcrtcd repeat
on the nanvc superhehcal density of the carrier plasmld The approach was not
n_eccssanly mtex_lded to demons;ratc that cruciformation occurs, or does not occur, in -
vivo,_;fRather, an undérst_ahding of the energetics of cruciformation would. provide an
' insi‘éixt into the manner by which the cell 'cono'olo crucifoxmatioabecausc given the right

-cucumstances crucxformauon could indeed occur spontaneously.” And depending on thc

resolution mechanism, either cruciformation within the telomere sequences is necessary or
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it is deleterious. By deletion analysis, the contributions that certain sequences and
structural features of the telomeres make to the energy parametersQ' cruc1format10n were
esumated In pamcular, the significance of conserved telomere features, like their
A+T-richness and the presence of exerahehcal bases, was of interest. Sequences distal to
| the inverted repeat axis were also deleted to test \s'hethei' there were contextual factors that
inﬂueneed the thermodynamic parameters. This information would form the basis of
arguments for the biolog'ical feasibility of cruciformation in what has been identified as a

bona fide replicative intennediate in gelomere resolution.

: ‘

Cruciforms Were\detected using the restriction enzyme A{III, S1 nuclease and T7 -
_cndonucl_ease I as str:xctural probes. The resolution of plasmids bearing the telomere
: sequencesb in the cruciform conﬁgufation can be accomplished using T7 endonuclease I
"(DeLange et al., 1986). The T7 endonuclease I cleavage sites were mapped to the
telomere sequences. Under the cu'cumstances of the expenment, mapping the base of the
extruded cruc1form proved to be an accurate way to measure the titratable superhelical
dens1ty of the plasmid DNA. (assuming number of superturns equalled turns of helix
extruded). The distribution of supercoiling in the plasmid preparation was typical but the
__ patlerh of cleavage was .no'netheleSS unexpected. Rather than cleaving successive
phosphodiester positions as would be predicted from establiShed models for branch
migration (Meselson, 1972; Sigal and Alberts, 1972; Meselson and Radding, 1975) the
- enzyme ele’ayed in discrete— regions spaced, on average, IOniucleotides apart along the
telomere sequence. ' Our immediate failure to acount l‘or these observations emphasized
what little was known of the structure of Holliday j'u'nctions in topologically constrained
DNA and the specificity of the Holliday-resolving'ehzjmes: Despite minor differences in

the specificity of _.l-Iolliday-resolving enzymes, many characteristics are shared by this
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class of enzyme and therefore it seemed‘worthwhile to study T7 endonuclease [ mbre |
closcly Synthetxc Junctmns with immobile and semi-mobile junctions were created and
used as substrates to more clearly define the spec1ﬁcxty of the enzyme. It was hoped that
the range of substrates prepared would be sufficient to allow conslderanons of the
influenee seqﬁes;ce symumetry, branch mobility, rank of the junction and base sequehcc
had on cleavage’speciﬁcity. S

i
!

Confident of the spec1ﬁcxty of. 'I‘7 endonuclease I (Chapter III), it was possible to look
more closely at the‘s;ructure of the Holhday crossover associated with the cruciform
structure. T/he 1nab111ty to cleave every phosphodlester traversed durmg branch migration .
suggested "that the structure of the junction was periodically changing. The |
eruciform—bearing‘ plasmid was a ur;ique Holliday-type streeture to probe because
unrestricte& branch migration was poss;ble within a narrow range of superhelical densiﬁes
and two of the junctional branches were topologleally Jinked in the form of a cucle *For
the first time it was possible to- speufically probe a Holliday junction during branch

migration. "It was possible to relate structure and structural isomerization to branch

migration in response to the topology of\the DNA molecule (Chapter IV).

Finally, in Chapter V, which summarizes conclusions, the experimental evidence is
assirrsﬂated in a discussion that presupposes that cruciformation mediates the resolution of |
poxvirus telomeres. The influence of topology, Holliday junction conformation and
‘ braxich migration are imposed on the model with the intention to show what adaptations-
must exist in infected cells m order to expioit cruciformation as a useful transition. An.

alternative to- the cruciform extrusion model is also proposed.
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’

S IL CRUCIFORM EXTRUSION IN PLASMnis" BEARING THE
|, REPLICATIVE INTERMEDIATE CONFIGURATION OF A POXVIRUS<

‘. TELOMERE'

8
)

t\r ) » i) M
.} A. Introduction | s

K J . . P

The molecular ends of eukaryouc lmear chromosomes are drstmgulshed by the presence ‘
of specral termmal structures called tclomeres In lower eukaryotes tandem repeats of |
spccmﬁc short @ sequences appear to be conserved elements of telomenc regions.
Specrffc proggtns are known to associate thh these sequences (Berman et aI 1986,

Gottschlmg and Zaklan 1986), forming non-nucleosomal telomere complexes whwh . i

l

presumably are required to stabrhzc the chromosomal ends and to facrhtate the complete
A

o rephcanon of these term1m (revrewed by Blackbum ‘/1984 Blackburn and Szostak
1984) il'he physrcal attnbutes of telomere structure which bear dtrectly on the capacrty to

k

mamtam the mtegnty and metabohsm of lmear chromosomes are not yet known . ;3‘
Termmal harrpm stmgtures are genormc features of a vanety of eukaryotrc DNAs . &

‘ mcludrgg Tetrahymena rDNA (Blackman and Gall 1978), Paramecrum mtDNA |
(Pntchard and Curnmmgs, 1981), hnear plasmlds of yeast (Krkuchr et al 1985) and the

flmear vrral genomes of parvovrruses (Bcrns and Hauswrrth 1982),71r1dov1ruses‘

(Gonzalez et al., 1986) and poxvmfscs (Geshehn and Bems 1974 Baroudy et al l982 a

._ DeLangc etal., 1986) Vaccmta virus i is the prototype virus of the poxvrrus farmly of Lo

hnear, double-stranded DNA vrruses Telomere mvolvement 1n poxvrral DNA

q&,‘l

1. A version of this chapter has been accepted for pubhcatron
chkte, P.,,Morgan AR and McFadden, G. 1987, J. Mol. Biol..



. ‘.

,rep'licationﬁis'particularly'amenable to srudy;oecause poxviruuses replicate cytoplasmically

| \'m seg;'egated’ structures cdlled virosomes (Dales and Pogo, 1981). Signiﬁcan/tly.»
poxv1ruses share with several of these biological systems a common DNA rephcatlon»
‘intermediate in which the ha1rpm .;elomenc sequences become transiently linked in an :
. inverted repeat mrmgemgnt (Moyer and Graves, 1981; Pritchard and Cummings, 1981;
“Moss et al., 1983 Szostak 1983 DeLange and McFadden, 1986). Consequently, it

. represents a valuable,, model system to mvesngate mechamsms of eukaryouc telomere i

rephcatxon

. Several _.models have bee.n proposed which attempt to »déﬁne _rhe mol_ecular.. events .
‘ ’ass0cia.ted with teiomere replication. A ge’neral feature of.a number of related models is
_'tn;resolution‘ of the covalentl'y-\linked.telomeres (arising as‘intermediqtes in replica-.tion) _
sy thc action of a site-speciﬁc endonucledse that recognizes a telomeric sequence in the
normal linear duplex DNA form (Cavaher-Srmth 1974; Bateman 1975; Dancis and
: Holmqulst 1979) Smce the covalently-hnked telomeres generate a large inverted repeat :
| an alternative model, described by McFadden and Morgan (1982) and Szostak (1983),
L was proposed suggesdng that cruciform '.extrusionl within these sequences may mediate

" the p@cess of resolution to daughter .telo'meres Resolving endonucleolytic clea\?é'ge, in.~
thxs event, would be the property of a structure (crumform) -specific enzqu and not an
enzyme, necessanly,wnh any sequence spemﬁcny Duplex DNA crossovers formed at
' crucrfor'm _]uncuons are structurally equlvalcnt to Holliday Junctlons, thus enzymimc

" ) acnvmes normally assocxated with recombination (szuuchl eral., 1982a and I% |

- could effect telomere resolution from cruciform 1ntermed1ates, should these’ be generated

in vivo.
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The extrusion of cruciform structures from 1nverted repeat sequences (cruciformation)

. was originally &
'-of cruciform DNA mlauve to normal lmeform DNA, the conversion is dnven in vitro by
- the torsronal energy of negamely-supercoﬂed DNA The specrﬁc cleavage of cruciform
crossovers is one property of a class of recently described endonucleases (Lilley and
Kemper, 1984; Kemper .et al., 1984 deMassy et al., 1985) Enzymes like T4 |
endonuclease VII and T7 endonuclease I cleave very near the base of crumform
crossovers, generatmg linear nicked molecules with hatrpm ‘tenmm from supercolred
plasnnd molecules carrying palindromic sequences The fea51b1hty of cruciformation ag
| an intermediate. in-the resolutxdn of telomere structures would be strengthened by the
demonstration of a similar enzyme activity assocxated with poxviruses or the cytoplasmic ©
virosome. .Recently,‘ a candidate DNase activity from vaccinia virus has beén identiﬁed '
which generated a hairpin llnear duplex product from a highly negaﬁvely 'supercoiled
‘ plasmid substrate (Lakntz et al 1985). It is the subject of the present report to analyze «

. the facﬂxty with which ¢ cruc1formauon occurs in poxviral telomere sequences in vttro For -
thxs purpose, the hneform to crucxform transition w1th1n the cloned telomere inverted
repeat sequcnces of the poxvrrus Shope ﬁbroma virus (SFV)has been studlcd

. ' * ’ ’ . .

. The linear-DNA genome of SFV, a tumorigenic poxvirus, is‘ 160kb in.length (Wills ez al.,

i 1983, DeLange etal., ' 1984, Cabirac et al., 1985). It has terminal inverted repeats of
approxxmately 12 4kbin length from which the viral telomeres have bee‘n cloned ﬁrst in
/ yeast and later 1}1 x:ecqmbmauon-deﬁcwnt E. colz and sequenced (DeLange et al 1986) |

ere vaqcxma virus telomeres (Barlydy et a1 1982), the telomeric ha1rp1n sequences of

SFV arc ennched mA-'I‘ basepau'g an& are mcomplétely base paJred in the reglon adJac |
to the hairpm loop The cloning proﬁ)qol employed Iedrto the creation of crrcular pl, mid
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«.\_ u} Eco Rl (287!1 Pvu ll (380)

Pw Il (2775) oo
Bgl | (2718) ‘

pSAIB-56A
3044 base-pairs :
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Figure II.1. .Plasmid pSAIB.56A. The telomere sequences of Shope fibroma virus were
cloned into pUCI13 in the form of a 322 base-pair imperfect inverted repeat (heavy .
arrows). Distances indicated in the brackets are measured in base pairs, clockwise from
the Afl I site at the axis of the inverted repeat. The numbers beneath the insert scqucnces :
refer to distances, in basepairs, between the extended bars.

molecules in which the telornerc ’sequcnccs are propagated in the inverted repeat
arrangement.. Prc§umab1y, neither the yeaSt' nor the baé;cﬁal replicative_a"machinéry
nreco'gnizcd the vfrai intermediate énd left it unr'esc;lved.; Visualization by electron
_ rnicroscopy of the.'rec\ombin’ant plésmid DNA, either as the circular yearst plasmid pYSF-1
contammg a3, 8kb telomerxc mverted repeat insert or the bactcnal p1asnud PSAIB.56A

 witha 322 base-paxr mvcrted repeat msert (Fig. II 1, above) rcvealcd the prescncc of a

'
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cruciform-like structure (DeLange et al., 1986). Preliminary tests, such as the sensitivity

of the viral insert sequences to Cleavage by bacteriophage T7 endonuclease I and AfTll (the .

AfI1I restriction site lies at the central axis of the inverted repeat and exists as a

double-stranded site only ‘when the plasmid is in the lineform state) indicated that the

cloned viral sequences were extruded into a cruciform. Fine mapping of the cruciform

sent in the recombinant plasmid pSAIB.56A, as described here, verifies the existence

.

- of the cruciform in the viral insert in vitro.

Plasmid pS/ 1B.56A,. and various deleted forms of it, have been analyzed in a

2-dimensional agnrose gel system (Wang et al., 1983) to determine the energy parameters

governing the respective lineform to cruciform transitions. Observations have allowed,

for the first time, an estimation of the influence that particular elements of telomere
structure, particularly ‘the presence of unpatred nucleottdes, have on the generation of

,
cruciforms. - The SFV cloned mverted répeat is one of the largest mverted repeats to be

studied in this manner. Smaller inverted repeats have been extensively studied (Courey

“and Wang, 1983; 'L.illey and Hallam, 51984' Panyutin ef al., 1984). Generally, the smaller

palmdromes have been shown to be)extruded into cruc1forrns with a moderate energy of

formanon, but a prohlbtttvely hrghI energy of acnvauon is expected to forbrd it from‘é‘%‘

occumng in vivo (Courey and ng, 1983; Gellert et al., 1983). Conversely,

observatlons reported here mdrcate that the conversion of the cloned SFV telomere -

inverted repeat to the cruciform is chpmctenzed by a high energy of formatitgon reflected in

the high negative superhelical densities requlred for extrusmn . and %@usuaﬂy low -

energy of activation. The absence of a profound kmetrc bamer 1ncre? 'the hkehhood

iy - - - .
that significant erucrformatto_n.wrttun these sequences could occurépo taneously in vivo

at the appropriatesuperhelicaldensxtT, or as a consequence of the ‘%j)emﬁc mteraction,with

¥
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puta.t?v‘g telomere speciﬁc binding proté‘»ins.

3

B. Materials dnd Methods

Enzymﬁ_mdmgngn_qmdmgns Restncnon enzymes were purchascd from Boehrm ger

Mannhexm onchermcals, Pharmacia Inc., Bethesda Research Laboratones and

Amcrsham Corp 14 T4 DNA ligase, DNA gyrase and T4 DNA polymcrase were obtained
W
from Bethesda Research Laboratoncs,;calf intestinal alkaline phospha;ase and DNase |

from Boehringer Mannheim and nuclease S1 ﬁrom Miles Laboratories. Eukaryotic -

; tbpoi_somerasc I (Sahai and Kaplan, 1'986)'an'é bacteriophage T7 endonuclease I

(Sadowski, 1971) were generously donated by Dr. Beni Sahai and Dr. Paul Sadowski,

respectively.

DNase I, in conjunction with T4 DNA ligase, was used to prepare relaxed, covalently

closed lineform plasmid molecules from relaxed, cruéiform—containin g molecules that

- were relatively insensitive to the topoisomerase I. Topoisomerase I treatment was
routinely used to reduce the native titratable superhelical density of these molecules (see

~later). Limited DNase I reactions were carried out on ice as described byA Dcﬁangc et al.

(1986) until approximéte‘ly 80% of the molecules were converted from form I DNA
”(éoValentIy closed and circdﬁ) to form II DNA (njékcd and1 cir0uldr) as determined-
'ﬂuoriin'etrically (Morgan et al.', 1979). After the ligation of this n}atcrial to relaxed form‘I |
'DNA and deproteinization by phenol extraction, the sample was dialyzed against S0OmM = -
Tris.HCI (pH8) and 1mM EDTA (Tris/EDTA buffer). |

Nuclease S1 digestions of cruciform-containing plasmid DNA were perfdrméd as’
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des;cribcd by Greaves et al. (1985); Reactions perforrr;cd to fine map nuclease S1
cleavage positions with respect to b ehd-lqbe}lcd restriction fragments, were incubated on
ice: until approximately 50% of the molecules were nicked as determined ﬂuorimetdcally.
Samples of nicked DNA were dcprotéinized, then digested further with sclccted restriction
enzyme$ pnor to labcllmg Reactions designed to convert form I DNA to form ITI DNA
(linear), for an approxlmatc dctenmnatxon of the S1 sensitive regions, were allowed to
T

r

proceed to completion.

Bacteriophage T7 endonuclease I reactions were perfofmed as described by de Massy et

al. (1985), except 4mM spermidine was added to the basic reaction buffer: 50mM
Tris.HCl (pHS), IOmM MgCl,, 1mM dithiothreitol and.50ug bovme serum albumin.

Reactxons were incubated at 37 °C until 50 to 80% of the covalently closed plasrmd
' molecules was converted jo a nicked fo;m (appronmately 15 mmutes) Enzyme was'
diluted 10-fold into 50% glycerol 0.2 mM EDTA and lmM dithiothreitol prior to use.
For each- 10ul of reaction, which cqntamcd approximately 1ptg of plasmid DNA, 1pl of
diluted enzyme wds used.- The T7 endonuclease ,I dscd was 95% pure based o’d

estimations from SDS-polyacrylamide "gel electrophoresis (P. Sadowski, personal

communication).

Relaxanon of plasm1d DNA with eukaryouc topoxsomerase I'was camed out in 50mM
Tns HCI (pHS), 100mM NaCl IOOmM KCl and 0.1mM EDTA. In lOul reacuons, lug
of DNA was treated w1th 0.3ul of titrated enzyme (in 50% glyccrol) at 6°C. Limited’
relaxations yielding broad topoxsomcr dlsmbunons were ach1cved with 15 to, 30 minute

incubations under these conditions.
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The preparation of topoisomer distributions from relaxed, lineform plasmid DNA requited
partial reactions with DNA gyrase. Normally, this was accomplishcd\l}y incubating
reactions at room temperature for 5 minutes. Otherwisc;‘ the condition; for the DNA
gyrase reactions, and all the remainjing enzyme reactions, wcrc 1n accordance with thc
dlrectxons supphed by the manufacturer. Reactions were stoppcd by deproteinization or
* the addition of gel electrophoresis loading buffer; 2% (w/v) SDS, 50% glycerol and 0.1%
bromophenol blue in 'f;is/EDTA buffer. (2ul per 10pl reaction), for native geis and
B formamide/dye solutions containing 0.5% (w/iv) bfombphcnol blue and xylene cyanol and
20mM EDTA (10ul per 5pu reaction), for denaturing gels.
The 5' end-labelling of DNA fragments was accomplished using Standi;rd procedures
~(Maniatis er al., 1982). Fragments were dephosphorylated with calf intestinal alkaline
phosphatase, deproteinized, ethanol precipitated and labeiled with [’5-32P]ATP
(3000Ci/mmole) dsing T4 polynucleotide kinase, under conditions that minimized the
labelling of 5' positions at internal nick sites. Labelled fragments were purified away
from unincorporated label by gel filtration in Bio Gel A-50m equilibrated in 'liﬁs/EDTA
buffer containing 0.1M NaCl. Dephosphorylation using Bacterial alkaline pﬁﬁ‘)‘.sphatasc
instead of calf intestinal phosi)hatase resulted in the gcncfation of specific cleavage
products incoﬁtrol experiments performed in the absence of T7 cndonucleésg L
_ Apparéntly ‘commercial preparations Q'f' the--enzyme conta'gcq; ;onfﬁminatin g
'endonucleascs which, interestingly,-nicked the DNA in the region of the extra-helical

-

‘bases in the terminal hairpin sequences; No analogous nicking Was observed with calf
intestinal phosphatase. -
az»: .

Bag_{mal_s_nmns_and_p_lasmm All recombinant plasxmds were derived from pUC13 \
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(Messing, 1983) and Qamtamcd in Escherichia colz DB1256 (recA recB21 recZ‘v? sbcB1 5

hsdR F- proAZ his4 thi-1 argE3 lacY!l galK2 ara- 14 xyl-5 mil-1 str-31 th 33) or
Escherichia coli IM83 (ara Alac-pro thi strA P80 dlacZ AMIS). The former strain was

constructed in F. Stahl's laboratory and was obtained from A. Wyman. The

transformation Qf these strains was accomplished using a standard calcium
chloride/rubidium chloride method (Maniatis et al., 1982).

4

Plasmids pSAIB.56A, shown in Figure IL1, and its 42 base-pair deletion derivative,

pSD19, have been described (DeLange et al., 1986). pSAlB S56A contains a 322
base -pair insert derived from the telomere sequences of Shope fibroma v1rus arran gcd as
an imperfect palindrome. The viral insert was cloned into the Smalsite of pUC13.
Plasmid pSD19 contains a 280 base-pair insert, as it Was derived by deleting 42 bases
from one end of the pSAIB.56A insert (see Figﬁre I1.8). The creation of the rernaining
deletion derivatives of pSD19 cited in this report is described in detaii elsewhere
(DeLange and McFadden, 1987) and is only briefly oﬁtlined here. Plasmid pSD19
deletion D21 (pD21) was derived from pSD19 by tﬁe fuhiler deletion of 4] base pairs
from Lhe end of the viral insert opposite thc original deletion in pSD19. Plasmids pSD19
D5.16, D6.3 and D5.10 were derived from pSD19 by digesting plasmid DNA with

Aflll,which cuts at the axis of the cloned viral inverted repeat, followed by limited.

bidirectional digestions with a combination of exonuclease III plus exonuclease VII. The _

DNA was blunt end ligated, transformed into E. coli DB1256 and individual clones werd
selected ‘and_seQu'encedf’ In this manner, bidirectional central axis deletions of pSD19

were obtained. The product viral insert sequences are presented in Figure IL8. The

plasﬁﬁd pSAD-2 was derived from pSD19 D5.10 following the digestion of this latter

plasmid with Hpal (cuts at the axis of the cloned inverted repeat) and insertion of a_

,_’“
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synthetic oligonucléotidc (22 nucleotides in length) by blunt end ligation. The sequence
_of this 22 resxdue ohgonucleou&e, which restores 11 basc pairs of viral scqucnce on either
| side of the mvcrtcd repeat axis, is presented in Figure I1.9. Dcnvauvcs of pSAlB 56A
carrying only one arm of the SFV tclomcnc inverted repeat were. obtamcd followmg
_A doublc digestions with Af/II and either EcoRI or HindIIl. Religation of the vcctor and

transformauon produced the desired plasmids carrying either the long arm (ri gh’t repeat) of

the inve

d repeat as shown in Figures II.1, or the short arm (left repeat). An additional
plasmid, pSAlB 56A A260, appeared naturally in pSAIB.56A. plasmid prcparations The
A260 cloneig:a recombmauon product of pSAIB.56A, derived in :u;';). and whnzh

-
rcprcsems lea§t 10% of the DNA in pSAIB. 56A. preparations from*

X recombmauon-deﬁc‘iént E.coli. It contam,s a 62 base-pair viral insert and is descrided in .

¢ ¥ I

more dctd.ll m the Results (this chaptcr) The plasrmd pAT34 (Haniford and Pulleyblank,

;,x .

= 1685) was obtained from Dr. David Pulleyblank.

R N
c N Ve,
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: P&asmld DNA wa§ punﬁcd followmg the alkahnc extraction of extrachromosomal DNA
0.\ \

from Bacteha usmg a scaled-up vcrsmn of the method of Birnboim and Doly (1979)
Plastmd DNA was banded m,ccsmm chlonde/cthldlum bromide gradlcnts, butanol
ckuyaéted and precxpltated Mcr punficanon of DNA, when reqmrcd was achieved
g‘1980) Insert scqucnccs were verified by scqucncmg with the dideoxy cham termination
mcthod (Sanger et al., 1977) using a pUC spec1ﬁc oligonucleotide pnmcr
QQLEI;_QEthQr_Qms, Onc’dlmenswnaI native gel clectrophorqsm was performed in 1%

(w/v) agarose gels at room temperature at 2V/cm orin 5% (w/v) polyacrylamide gels at

Toom temperature and 6V/cm. The running buffer was 90mM Tris.HCl (pH8.3), 90mM
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| -borlc acxd and lOmM EDTA (Tns/borate buffera/ Gels were\amed bneﬂy/ Wlth
. 0 Sug/ml ethrdlum bromlde in Trxs/borate buffer, destamed in drsnlled water and
'photographed Denaturmg gels were standard 7M urea/lO% (w/v) polyacrylarmde ', ‘
= ‘sequencmg gels elecu'opboresed in Trrs/borate buffer (Maxam and Gilbert, 1980). Gels -
' \were dned onto Whatman #3 paper and: autdradxographed at ~70°C Autoradxograms were -

N
[3

scanned wrthaJoyce Loebl Chromoscan 3 densrtometer R .
‘ : a B ‘ » _ " . >~ -

a0 .
- : g '+

: 'Two drmensrona.l gel electrophoresrs was performed in 200:‘n X 25cm X 0 5cm l% (w/v)
"agarose gels (Wang et al., 1983) S&nple DNAs contammg a broad spectrum of o
‘- toporsomers (1 1g) Were loaded mto OJ 5cm (d) x 0 4cm (h), cxrcular wells and run in the ¥ *
. ﬁ’rst drmerisxon in Tris/borate. buffer exther at room temperature of 37°C at2. 5V/cm for 26' a
. hours A sample of plasrmd DNA known to contain a rmxture of form I and form I DNA ‘

B was co-electrophoresed asa control Afterwards, the contr'ol lane was stamed w1th o

,'de and the hrmts of the DNA drstnbutlon locahzed and marked. The o

S
. correspondmg reglon of the gel for each of the exp’énmental plasmlds was then exc1sed as

"a 0.8cm x lOcrn gel slab These ‘were ahgned ina second gel such that they were. o
perpendlcular to elecuophoresrs in the second drmensmn and were embedded in fresh
agarose contarnmg 1 28|.1M chloroqume d1phc£phate Elecu'ophore51s in Tns/borate
buffer contammg 1 28|.1M chloroqume d1phosphate was /amed out at. room temperature
al 3V/cm for 24 hours Upon completron the gels were stamed m 1 ug/ml ethlhrum o

S (2 AR :l . .
bromxde for one hour and destamed in dtstllled water overn1ght before bemgg ]
photographed - ;" ‘ ., . '

[

‘_'x'

I

The rmmmum energy of formatron assocxated wrthi ’

- torsxon-mduced duplex structura.l transmons in DNA can be denved from the change in
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twist ‘(ATtv) ob.ser\red for. the-transition ’ahd‘the critical linking dift'erence (rAth) at the-
'threshold of the stable transition. In certain cases, such as those descnbed in this paper,
" where cruclform extrusron effects the complete relaxatton of the DNA molecule (the ALk
in the crrcular domam of the plasmrd DNA is reduced to zero), the free energy | ot

formatlon 1s equtvalent to the energy of supercoﬂmg at the transmon threshold. The ALk

i >

.of thts toporsomer \s related to the free energy of supercoﬂmg (AGS),by the ylo“)ung,~ -

' | _mar(ALk)Z |
N

RN .
]

: the ‘DN?\ m base palrs Toporsorners were numbered (and ALk determmed) by the band.

'countmg method (Keller 1975) The slowest tmgratmg band in the ﬁrst dlmensmn was

desrgnaﬁted topﬁtsather 0 (ALk w%%d the remammg top01someps were 'tu]n&bered

by g o
. |
: "';consecuuvely wﬁ posrt-rve o‘#n%ve 1ntegers (’dependl g on the sign of the. writhe),

'equauon (Horowttz and Wa.ng, 1984 Depew and Wang, 1975 Pulleybl:nk et Jﬂ%ﬁg ‘Q s

where Ri is the gas cbnstant Tris the absolute temperature and N is the molecular size ot_ _

relanve to mcreamﬁg mobllmes in the gel (see th IOE for example) Frac nal v alues

’ of ALk used 1n the above equatxon, were estlmated from dtfferences m ' the relatrve

rnobtlmes of several topolsomer pa1rs to the nearest tenth of a umt (Lee and Bauer 1985)

.“ e

- C.. Results - S P ST R \
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Cmmﬁermanmnbsmm.nsAlB_.iﬁA The t'elo:ncre sequences otQShope ﬁbroma vrrus

- cloned mto pUC13 compnse a 322 base-patr unperfect mverted repeat thhm the plasrmd ‘

)y

e

-



of the plasxmd to bactenophage T7 endonucleaSe I and‘.he restncnqn%ndonuclease Afl. II
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CTA‘ATGTGAA ACCCTCACGC TTTCGTCCTA ACGTGGAAGA AAGGTCTCTA
SD 19

e

. AKRETCCTCC ATATl‘Accm CTTTCAGGAC-GT AGGTTTAT ACTTTTTTTC

Cr
H %

T

. TAGGGTTATA AATTACTTAC ATAATGTAAITAAAAA.TA@«AAT.
D5, 1oJ D6, 3—’ | D5.16-

: “

TTA.ATTTAT COTTAAGGAT AAATTAACAT T'I.I'ATTTTT ACATTACATT

l—ns 1 6 R D6.3 .
A‘...—-—.—.——..——, . : ) » -—-—————L
ATGTAAGTAA TTTATAACCE TAGAAAAAAA GTATAAACCT ACGTCCTOAA.
D3.10
R .

AGGAGGT AAT ATGGAGGAGT TTTAGAGACC ETCTTCCAC GTTAGGACGA
- . D21 . _ S
AAGCGTGAGG GTTTCACATT AG=3' e

Y

. Figure IL 2, Sequenge of the cloned telomere sequences in pSAIB.56A. The complete
viral insert is given, and the associated deletion derivatives wre indicated by the:
subscnpted notations. The sequences deleted from PSAIB.56A to form D5.10, D6.3 and
'D5.16 lie between the subscripts and the central axis of the viral inverted repeat (dotted
. line). The sequences. deleted to form pSD19 and D21 lie between the subseript-and-theS'
and 3' extremities, respectively. Small inverted repeats within the viral sequence are
&hl(}h are extrahehcal in the telomere orin the cruc1form stems,

: foverlmed

are boxed.

Those:

/"\.

N

'vpresumably denved from the extrusxon of the v1ra1 telomeresequcnces (Delange etal.,

(the AﬂII rec0gmuon s1te Cl'I‘AAG hes at the ax1s of the v1ral mvcrted repeat) placed

’

e
; ’al 1986) Electron mxcrographs of. the‘punﬁ\%ed plasnnd have revealed a large crucxform

' a1986) Crude mappmg of the extmded sequences as determmed by the relatwe sensmvny

~

o
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the crucrform within the viral insert of the plasmrd The mverted repeat denved from the
v1ra1 telornere sequences is sufficiently large that cruc1form extrusion limited to this reglon
would topologrcally relax the supercorled plasrmd molecule Indeed when the plasnnd
was purified from E. coli, it co-migrates m agarose gels with relaxed plasmrd DNA (Fig. -

I1.3, lane a). Two faster rmgranng DNA species were resolved by these gels. The

‘slowcr of the two could be shown to be the supcrcoxled lineform of the plasmld DNA and

the faster specres -was a specrﬁc 260 base- pa1r deletlon product of pSAlB 56A (A”60)

\ wh1ch retamed a short mverted repeat msert of 62 base-pmrs The latter form represented "

10% of the DNA in plasrmd preparauons and has béen sequenced (descnbed in more
- . e f‘

detarllater) o g I

plaSmid D’NA that wa“prepared by n1ck1ng the DNA wrth DNase I and rehgatmg (Fl g.

¢+ I1.3, lane b). ‘A charactenstlc Gausslan dlStI‘lbUthI'l of topmsomers in the prcpwatron of .

relaxed, covalently-closed, _hne,forrn plasrrud DNA 1-s‘ apparent in- Figure I1.3, lane b.

. Pla’srnid that is topologically relaxed bv virtue of ’cruciform extrusion forms a single'-band :

m these gels because the freedom of | branCh rmgrauon at the crucrform Junctxon mamtamed.

©a lmkmg d1fference of zero in the plasmrd DNA (Frg 1. 3, lane c). These two‘

L 4

preparauons of "relaxed" plasmxd DNA- (relaxed either by nicking and rellganonkor by
crucrformatlon) were further dlstmgulshed by their: drfferent susceptrbrlmes to vanous ‘
enzymes Treatment of relaxed-hneform DNA w1th gyrase for thlny minutes at. rooxﬁ
temwture y1elded crucrform-contarmng, relaxed plasmrd,DNA The progressmn ‘

through a supercoiled lmeform 1ntermed1ate was demonstrated in partxal reactions (not‘f :
. KSR

| shown) The treatment of relaxed-crucrform plasrmd DNA w1th gyrase produced a thrrd

Ay
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Figure IL.3.- ,. Analysi8"of ’plﬁﬂ‘lc&:{pSA’lBu.SﬁA_"structure with enzyme probes. 4
Preparations of extracted pSAIB.56A"glasmid DNA (lane a) were fractionated by
agarose gel electrophoresis in ord€r to pulfy the predominant, slowly migrating DNA -
band (lane c). Purified’'DNA was nickéd with DNase I and, reJigatéd to form relaxed, -
_covalently-closed-plasmid DNA (lang b). Samples of the two ¥p ologically relaxed (r),
pure plasmid DNAs were treated wiilbgyrase, Aflll Qr-bl;aggrioﬁhgge T7 endonucleasg I
(Endo) as described in the Experimental Procedures. Psucts®f jhese reactions were
electrophoresed in 1% (w/v) agarose.  The positions of linear plasmid DN'@J),and %
supercoiled,’ cruciform-containing plasmid D&A (scc) are marked, as is the position of -
the plasmid derivativerA260. - Diagrammatic representations of various‘plasmid forms
(relaxed-cruciform, relaxed-lineform, supercoiled-cruciform and. sup\ercoilegi linefQrm)

-are shownin the right hand panel.

<
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,topologtcal form of the plasmrd whtch can be descnbed as cfucrfonn-contammsz, .
'l&" .:.-.superctjiled plasmxd DNA In thxs form ‘the 1nverted repeat sequences arc fully extruded
‘;and the cu'cular domam of the plasrmd has been maxxmally sﬁpercoﬂed by gyrase ,}
rmgrated slower than ﬁle supemoiled lmeform presumably because of the retardmg effect t

;;.r,of thccructfonnstmcmre (th H3) ’ Lo e =

")' Ry -
L N

X ':v DA L
.4‘.\.‘ S 'ﬁ".' ' l

T‘7 endonuclease I in 2 srte-speciﬁc fashlon, cleaves | 'duplex DNA Juncuons formed at
a‘baseof crucrform structures (de Massy et ah. 198 | ] Chagter III) wh11e AﬂIIcleaves at
1ts secogmdon sne whtch is present at the ans of symfnetry of the mverted repeat in-

0

._ _i'pSAlB 56A prowded that thls sequence is, m the lmeform The ;ecognmon s1te

- ',-smgld stranded loop reglon of the crucu‘orm haxrpm: _ Pur1f1ed plasmtd
: _(relaxed-cructfomDNA) was l%eanzed by T] enplonuclease I tceatment but hot nearly SO ’
,:,;,;_';:.fefﬁclently by AﬂII dlgestlon (th pid 3 lanes c)l Altemau\/ely, the relaxed lﬁet“orm was‘
F‘sensmve to AﬂII dxgesuon and largel)) resrstent 0. "[‘7 endonuclease I g\ese results _‘ |
support the conclusion that a cruclform exlsts thhm the vual msert)/ Further 1nd1ca‘t10nv‘
. fvlz';that the cructform was. centered about the q%;s Qf symmetry of the v1ral mverted repeat, : |
- was provtded by the expenments c{escnbed m Frgure 4., waﬁed pSAlB 56A plasxmd L
| :‘ ‘DNA was probed w1th T7 endm/u/lclease I and nuclease Sl (St: which the la;ter wouldgﬁ
.texpected to' mck the DNl}a:ter near the smgle-stranded harrpm regmns of the crucrform " &“
| t(Ltlley and Hallam, 1984% Th ends of the lmear mbleeules produc:ed by these altematwe
Ui m;thods Were mapped, relanve to known restnduon srtes 1n ‘the pU%yl vector The ends

of the 1‘7 endonuclease 1 treated molecule, presumably hanpm tmmm (de Massy et al

. »
S



Figiire- I.4. - Site specxﬁc cleavage of punﬁed pSAlB 56A. plasrmd DNA by nuclease
- S1 and bacteriophage T7 endonuclease 1. Cleavage sites,hav been’’ mappe&felanve lﬁ‘*‘u

+ the.restriction sites for Pvull and BgJI (sée Figure 1I. 1). %174 RF-DNA dxgested
with Taql was psed for sfze markers (S). Lane 1; digestion with Bgll, alone; lane' 2: T7

- endonuclease I followed by Bgll; lane 1# PvuII digestion, alone; lane 4: T7

“ endonuclease I followed by Pvull; lane 5: T7 endonliclease I, alone; lane 6 is the same
.as lane 3; lane 7 is DNA digest with nuclease S1 followed by Pvull and lane 8 is
DNA digested with nuclglise S1, alone. Untreated DNA is in lane 9. Dtgcsnon
products were cle@hbre in 5% (W) acx;ylarmdc - '
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1984), mapped within a 630 base—pair Pvull restriction fragment, since digestions with

- both enzymes generated, from this larger PvuII fragment two sub-fragments that were
proximately 370 and._270 base-pairs in length (Fig. I1.4, lanes 3 and 4). Likewise, the
ﬁ{b Bgil fragment of pSAlB.§6A was cleaved by digesnons with T’7’ endonuclease I
. 2nd BgM together to approximately 1380 and 320 ‘base-pairafragméﬂ?‘ﬁs (Fig. 114, lanes 1

and 2). These results afe consistent with the T7 endonuclease I lingarization of the

plasmid, yiel'g'ng hairpin termini that map in the vicinity of the central axis of the inverted

repeat (see Fig. II.1). ﬁperiments with nuclease S1 produced identical gel patterns,
. consistent with cleavage at the the axis of the viral inverted repeat, within sequences that

' form the single-siranded tu;naround regions of the cruciform hairpins.

- . . ' .

The results of fine cleavage mappmg of nuclease S1 and 'I7 endonuclease [ digested

. pSAlB 56A are presented in Figure 1LS. Punﬁed plasmid DNA was treatcd fifst: ‘with

nuclease S1or T endonuclease I and subsequently digested wrtg -either EcoRI or -

Hmd]II The 5' ends of the resulnng fragments were labelled with [1—32P] ATP and T4

polynucleonde krnase under cqndmons that minimized. the labellmg of 5'ends at ’

sifigle-stranded nick positions. The cleavage positions for, nuclease .S1 and T7

-endonuclease I Were rnapped relative to both restnction sites, following the analysis of

labelled, smgle-stranded product molecules e!ectrophoresed in sequencmg gels. Onesuch -

gel is presented in Flgure ILS. The predominant S1 cleavage sifes mapped approxlma.tely
195 base-pairs from the Hmd?II site and l75 base-pairs from the EcoRlI site (Fig. I1.5,

lanes 2 and 4, respectively) The only’ other specrﬁc cleaVage site, which' was.

‘ 51gn1ficantly weaker, appearcd about' 180 base- palrs from the HinlII sxte The )

predommant cleavage sites mapped precisely to the mverted repeat axxs, which wctuld

N\

form the hairpm termini of the cruciform bmnches The minor cleavage position appeared)

\
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Figure IL.5. - Fine mapping of nuclease S1 and T7 endonuclease I cleavagg positions -
4O pSAIB.56A. -Purified plasmid DNA was partjally digested with_tither ,T7 "
“*endonuclease I (lanes 1 and 3) or nuciease S1 (lanes 2 and 4) followed by digestion
with either Eco RI (lanes 3 angi 4) or Hind 111 (lanes 1 and 2). Overhanging 5' ends
- were phosphorylated’ with [¥- 2P]ATP and T4 polynucleotide kings abelled
fragments were detected by autoradiography at -70°C following el 1s under
denaturing ¢onditions in 10% {w/v) acrylamide. pBR322 plasmid DN ed with
‘Hinfl was used as size markers.. The bracketed gprtion of lane 3'1n the gel was
scanned by densitometry and the density profile is ptesented in Figure IL6. -

-
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~ to fall in the region of the extrahelical bases. The single-stranded product fragments

generated by T7 endonuclease I digestion formed a complex but predxctable pattern J
First, it is sxgmﬁcant that the patterns genergted by double digestions wrth 'I‘Ti
"endonuclease I and either HindDI or EcoRI were identical but for the constant dxffercnc}
in fragment lengths of 19 bases which was the distance separating the respec _ ‘
restriction sxtes from the axis of the_ inverted repeat (Fig. IL5, lanes 1 and-3, ,
respectxvelv) ’ Thls would only occur 1f the T7 endonucleas\e I\cuts were symmetrically |
paired across either axis of the crucxform‘DNA Crossover. ' Secom}, the periodicity of the -
nickr» made proximal to the dyad axis was mirrored by the periodicity of nicks rnade distal

| ’to the dyadoqm (such as on the 5' and the 3' sides of the cruciform structure). In

agreement ' w!lﬁ published observations, the enzyme cleaved across either dlagonal axis,

. presumably very near the base of the cruciform (de Mgssy et al., 1984; Chapter III).

4
1

\w.‘ \, ‘ - ' . <4 » sk
““The-periodicity of the fragrnents generated between EcoRI and T7 endonuclease @D

- cleavage positions (bracketed region, Fig. ILS, lane 3) is emphasized by the.-densuometer

tracing shown i \ignre IL6. It is construed from the regular periodicity of the cutting
pattern and tife relative intensities of the bands that,’ generally, the position of cleavage

was determined by.the linking difference of the plasmid DNA molecules. The T7

endonucleasl I/EcoRI cleavage fragments formed an approxlmate Boltzmann dlstnbunon

,

q Wthh most probably was a reflection of the topo‘lsomer composu(ion of the punﬁed

plasrmd prepé\mnons Smce 14:ndonuclease I ,cleaves artificial Holhday Juncnons wlth
Cbnsxderablc Spec1ﬁcxty (one: nu:ledtﬂ;e _':"tﬁoved from the crqs;over pomt seg ChaPter -
e s Fa * , RS ) -

%ﬁrﬂ) the mapped cut sites 1den§1t‘}7 thewanous crossover posrtlons of thé crumform

Juncnons in the p0pulauon of molecules, these crossovers bemg largely deterxmned by -

w

~ the linking difference of individual plasmld molecules. The major ¢\1eavage sites, within -~ .



—

Figure 11.6. Bacteriophage T7 endonuclease I cleavage posmons within the viral
inverted repeat of pSAIB.56A at native supcrhclxcal densities. The portion of the
autoradiogram bracketed in zFlgure I1.5, which assigns enzyme cleavage positions
proximal to the Eco RI restriction site with respect to the cruciform structure, has been

‘scanned by densitometry. The viral sequence corresponding  to the region of cleavage -

is superimposed over the-scan and is phased with an accuracy of £1 nucleotide
- position. Nucleotides are numbered consecutively, according to the overlaying scale,
ting from the inverted repeat axis. The assignment of the viral sequence to cleavage -
postions was assisted by repeating the experiment in the presence of marker DNA
generated by cleavmg QX174 DNA with Hin . Absorbance is m arbitrary units.

4



v
.ﬂ

VOOY9O.VLLIO0v0D 1151190 Y vYOVOVL1l10vo0yY °

o

-

Vv ilooavioo |
11V9 <u%<woho.n_

oA

s

It

Absorbance

NG

[

.



84

-

‘the sequence CTt CCATAT were approxrmately 99 and 1()5 base -pairs from the mverted
- repeat axis (dependmg on the arm of the mverted repeat-- see Flgures 1L.2 and 1L 6)

'Assummg regular B DNA the topologrcal relaxatror}/of a plasm1d w1th a crucrform

' extruded to thxs posmOn wrthm the mverted repeat vvould have: rrummally requtred a

: superhehcal densxty of -0 067 rOughly equrvalent to the absorpnon of about 20 .

supercorls Thxs superhehcahlensrty 1s typlcal of p\las‘

(Mlzuuchx—et al%lley and Hallam, 1984) “Be ause there was a unimodal

dlstnbutron of cleaVage srtes, and it could be telated to a populauon of topo1somers with

'hkely reflected the presence m vivo ofx a umform populauon of plasrmd DNA that

pe ted in the lmeform A s1gn1ficar}t steady -state pypomon of crucrform—contammg’

pl,asmxd DNA m vzvo would have‘ been evrdenced by a blmodal drsmbutron of

toporsomers presummg that 1r/tracellular gyrase would act to overwmd any

o crucrform-relaxed plasmid molec;ﬂes inthe manner demonsu'ated invitro.”

s
/

; Addmonal ev1dence for the /exrstence ofa umformly supercoﬂed populauon of plasrmd'

‘DNA in vzvo was obtamed by the electrophores1s of punﬁed DNA in agarose contammg

; DNA punﬁed from.E. coli |

N

' an amount of ch].oroqm;re dlphosphate which partﬁy relaxed the negauvely supercorled L

: plasxmd DNA rnolecu{es Indmdual toporsome/rs were- resolved in this’ Way and only one .

/ .
, Boltzmann drstnbution of moﬁxles was observed data not shown) It must be noted ‘

®

' ’-that the supercox{ed lmeform plasxmd DNA that could be observed in crude plasmid .

,4

preparatrons ?ad been removed by preparatlve gel electrophore51s for most of these’,} |

( B
‘ expenments, It could be argued that it represents a second populatlon of molecules witha

R

lower, but/ dlstmct average superhehcal densrty Results from the two-dlmensronal gel .

‘analys/ls of crude pSAlB 56A plasrrud DNA (see Flg 1. 10D) md1cate that the supercorled : v-

. R
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lineform molecules s1mply represented the least supercmled fracuon of a smgle populatton
of plasrmd DNA and there was 1nsufﬁc1ent torstonal energy in these molecules 5 stabthze

£
Wt the crucxform. The apparent ten nucleoude spacmg between regrons of T7 endqnuclease I.

g cleavage and the possxb influence that ;equence has on the cleavage efficrency of T7
endonuclease Lare feam:s\qhhe@yﬁe that w111 be cqnsxdered in Chapter IV R
»The mlgratmn of pSAlB 56A plasnud DNA in agarose gels, its sensmwty to the enzymes
described and the posmgn of the T7 endonuclease I cleavage s1tes,‘ support5 the
;mterp'retatlon that the nat1ve superhehcal den\itty of the plasrmd \as- punﬁed from E. coli,
| is, on average, sufficient to mamtam the cloned V1ral sequences«m a crucxform m vitro,
'Cru01format1on in these sequcnces topologlc/ally relaxes the DNA molecule In thls
~ relaxed form, there is only one 1dent1ﬁable crucxform and thrs is extruded from a point at -

.\ the central axis of the v1ral inverted repeat msert Whrle there exlst muluple smaller -

mverted repeats w1_th1n t.he cloned sequences (see Flg II 2), none of these were observed

to be in tlle cru_crforrn.

/2SR R 2

" Generally, ! large palmdronnc sequences L

are unstable in wﬂd-tﬁe E. coli (Lllley, 1981 ‘Mi ucht etal., 1982 Collms et al.,

1982 Warr’en and Green, 1985)). Pahndroxmc sequences .much smaller than the v1ral

o msert des::nbed here have been shown to be unstable when cloned into E. colz (Courey‘ :

and Wang, 1983 Boxssy and Astell 1985)  For example, spontaneous central axis
deletions within one speclfic 68 base-paxr mverted repeat have been 1dent1ﬁed (Courey :
and Wang, 1983) The 1nstab1hty of mverted repeats in vivo is most lrkely related to the e

~

.~ ability of these. sequences to adopt unusual DNA secondary structures, such as

.crucrfonns The presence of crumforms may adversely affect the rephc?\tlon of these

BN v T



sequertces (Bohvar et al 1977), or they may be the t;.rget for mtracellular enzymes Wthh

effect their. degradatton (Leach and Stahl 1983). The plasmtd pSAIB 56A has been "

successfully cloned in DB1256 (th II 7, lanes 2 and} a recA»recBC sch stram of E.

cat't The sequence of the insert m purtfied plasmid pSAlB 56A. denved from th1s host ‘
*has been vertﬁed by sequence gnalysm (DeLange et al., 1986). The teld!nenc sequences R

were clearly unstable in the recombmatton competent host E. ‘calz IM83 (Fxg IL7, lanes 4

and 5). The transformatlon of DB1256 w1th punﬁed pSAIB. 56A y1e1ded the three '

plasmld DNA bands 1dent1ﬁed in thure .3 as cruthorm-rela)ged supercoﬂed lmeform'

v and the A260 deletton Transformatton of ™83 only pioduced a DNA spec1es ‘which

. co-rmgrated wrth the 260 base-palr deleted plasrmd denvauve of pSAlB 56A 1dent1f1ed by.

~ 'sequence analysis The insert in this recombmant plasmld is 62 base—patrs long, and is

] 1tself ah inverted repeat generated by deletion of the cenuj. reglon of the 322 base-patr
1nsert and Joihlﬁg together the d1sta1 thlrty-one bases?;n each end of the pSAlB S6A

insert (see Appendrx 1) Consequently, the breakige d reJommg sue for the A260} _'

deletton on the pSAIB.56A insert falls in the v1c1mty of the central axis of a 29 base—patr

mverted repeat thhm the 1nsertvsequences (see Fig. II 2 and a]so mverted repeat ‘c'in

Fig. II 8). HdeII digests of these plasmtds clearly showed the dtfferetfce in size
Ny

between the natlve and denvatlve plasrmds (F1g IL7B). Also, it 1soc1ear from these

| experunents that the appeatam;/of the deleted plasmid denvanve was a persrstent product

| around 10% ofthe total pkasrmd DNA.‘extracted fromthe DB1256 host. )“ h

<

.o I

- The nature of the recombination event giving rise to the derivative form is reminiscent of-

 the results of Biossy and Astell (1985), Hagan and Warren (1983) and Collins er al.

(1982) who aLso observed that the termtm of. centtal axis delettons were found to map

' Mn in recA recBC sch E coli , where it censtltuted '

-

v



Figure IL.7. 'In vivo stability of pSAIB.56A pla'sMepara

PSAIB.56A (lane 1) were fractionated by agarose gel electrophoresis. -
full-length plasmid (lanes 1.1) was separated from a 260 base-pair /deteted
' regombination derivative (lanes 1.2) and wused "to- re-transfofm _thi\ -

~ recombination-deficierit Escherichia eoli strain DB1256 (lanes 2 and 3)\and the, - .
| recombination-competent strain JM83 (lanes 4 and 5). - Individual clones were selected,)
and the plasmid DNA wds extracted and electrophoresed in 1% (w/v) agarose. Panel A:
untreated plasmid DNA; panel B: HindlII digests of the same, except for the untreated -
- control plasmids in lares 1.1 and 1.2: ° : | ‘ B
- S i

° ' B ’ oM
@ . : . : :






near small direct rep‘éats present within or ﬂ'anking' larger inverted repeats. These audfors
ha)Ae pth&ated that the recombmanonal event responsxble for the, deletion wasrelated to
the a'btltty of the cloned mverted repeats, to form crucxforms in vivo and thereby
Juxtapostng the d1rect repeats whrch are beheved to medxate the recombmattonal event
‘ Grven the topoxsomer dtstnbunon of pSAlB 56A observed in the bactenal cell, the most ~ §
highly supercmfed plasmld molkcules could concexvably extmde cruciforms that branch
mlgrated to the pgsnion where the limits of the deletlon have been identified. 'The
presence of a. recombmanon-denved deletton product of pSAlB 56A, with the ‘

. charactensucs descnbed suggests ‘that the viral sequences may have been extruded into

the crumform ip E. coli, but i m all probabthty such extruded forms would perstst only -

» 1>

transrently because. there was no evrdence for any steady -state pool of topoxsomers
.

analogous to the supercoiled, crucrform—contarmng plasmid DNA demonstrated inFi gure .

ILS. . Nerther was there any dtrect ev1dehce for the steady-state presencé-of extruded ‘

cryciforms in‘vivo'generall'yn (Sinden et al., 1983). .

W

qubre. ¢ In the past several
features of mverted repeat DNA' sequences have been shown to have an mﬂuence on the :
energy parameters govermng crtctformatxon Jmportant ‘features are base composmon N E
" (Greaves et al., ‘f985 Ltlley, 1985; Haniford and Pulleyblank 1‘986 Naylor etal,

lee of the mverted repeat (Lilley, 1981; Gellert et al., 1983) and the extent of
sequence. sytﬁnetry at the central axis (Lllley, 1985). The Slg\ope ﬁbroma virus telomere
isrichin A+'I‘ base-paxrs and has perfect sequence symmetry at the inverted repeat axis. ‘
Theéﬂ“e feat,ures that mxght be expected to contnbute to lowenng the energy barrierto

| cruc:formanon in these sequences In addmon, all known poxvirus telomeres contain -

LI

sequences that have unpaxred and presumably extrahehcal bases close to tﬂe telomere

\ : R Lo o -+ -
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- hairpin which nrise' because the\“in\ierted reﬁat sequences are not completely symmetricul ’

‘ in this regxon (see th IL 9) The presence of exght extrahehcal bases in SFV telomeres
would be expected to rmse the nergy of crucxform formatlon in the cloned mverted repeat'
sequmes, since these base{:/ould be stably paired only in the lmef ram. The energ’ -

cost of extrudmg atyn\tnetnc sequences mto eruciforms, with extrah cal. bases had'no,t

been d1rectly sxamined pnofto tlus mvesugauon Apphcanon of the X ,.,,: BN C
. electrophoresis techmque\for the calculauon of the energy paraﬁ;e "iw .
pethbanons in duplex DNA has been usefu'l and was therefore ap'phed'here to determine

the mﬂuence of partial asym\riie/u'y }wrumformauon thhm SFV telomere sequences

. Expenmentally, a series of related deletlons of pSAlB 56A were constructed These
‘constructs, uwhlch mclude three central axis delettons of pSD19 (D5.16, Dé6. 3 and
vD5.10), one central axis addition of D5.10 (pSAD-2) and one uni-directional deletion of
pSD19 (pD21) are summarized in Fi'gure II.S.j‘The_ir precise sequences can be obtained |
from Figures 1.2 and H9 | In each construc't the palindromic set;u‘ences native to~
; pSAlB 56A (and the v1rus) have been umquely modified while mamtammg complete or
near-complete mverted repeat symmetry The determmatlon of ‘the energy of

. cructformauon in eagh was accomplxshed using a standard two-d1mens1onal’gel techmque

‘(W ang et al 1983) The only structural transmon detected in the various recombinant

h plasrmds (tltese are hsted in Table L1 wasrelated to tﬁe cruclform extruswn event
already charactertz;d. in plasmid. pSAIB. 56A e supercoﬂmg -dependent transmoﬂxto .
the cruc1form conﬁgurauon was visible in the various two-drmenslonal gel profiles of
Figure IL.10 as g prdfouﬁd diseontinuity in the sméothv C-shaped distributibn of R
topoxsomer molecules For example’ crucxformauon was ev1dent in pSAlB 56A plasmld

‘ 'DNA by the torsxonally—mduced reducnon in mobrhty of topoisomer - 15 in the first .
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" Figure I1.8.  The relationship between the pSD19 deletion series and important
sequencEs within theviral telomere. "Those telomere sequences that have been identified

~ as crigical for the in vivo. resolution of pSAIB.56A are denoted as boxes I, II and III
¢(DeLange et al., 1986). Six small inverted repeat regions are also shown as "a", "af",
“b" and "c". The dotted line represents the axis of symmetry of the cloned viral inverted
repeat. The open-bar region of pSAD-2 represents the 22 nucleotides of wild-type viral -
sequence added to the central axis of pSD19 D5.10. _ Plasmids pSAIB.56A, pSD19,
D5.16, D6.3, pSAD-2 and pD21 are all competent for resolution to intact hairpin-

' tclomc{'es in vivo, while D5.10 is resolution-deficient (see Results, Chapter I). -

.
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pSAIB.S6A, . (126) - 6TAA T Y AAAAA ATA AAﬁroﬁrnTArTuchn)
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Figure II.9.  Cruciformr'hajrpin structures expected for pSAIB.56A and each of its
- deletion derivatives. The total number of nucleotides deleted from pSD19 is noted in
parentheses below the plasmld name. The number of the nucleatide, counting qut from
the cloning site; is noted in parentheses at the beginning of the sequence. . For plasmids
DS.10\and pSAD-2, the two hairpins of the cruciform dre identical because the inverted
repeat sequences are perfectly symmetrical. For pSAIB.56A, pSD19, pD21 D5.16and ©
D6. 3 only dnc of the two flip-flop hmrpm sequcnccs‘ is shown _ .
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Figure I1.10. Two-dimensional agarose gel anglysis of the vartous plasinid DNAs.
Topoisomer distributions of the respective plasmids were prepared either by partial
relaxation with eukaryotic topoisomerase I ( plates A, B, C, F, G, H, I and J) or by the
partial supercoiling of relaxed, covalently-closed plasmid DNA circles with gyrase (E,
K and L). In plate D, plasmid pSAIB.56A is untreated. All gels were 1% (W/v)
agarose and were run in the first dimension at room temperature except for those in
plates B-and E which were run at 37°C. Second dimensions were at room temperature
in the presence of 1.28uM chlorogxine diphosphate. The respective dimensions are
~ given by the arrows in the upper left. The brighitly staining spot in the upper left corner
of most plates is nicked plasmid DNA. All gels have been stained with ethidium -
bromide. Plates A and B: pUC13; plate C: pAT34; plates D, E and F: pSAIB.56A;
plates G, H, 1, J, K and L are plasmids pSD19, pSADJ2, pSD19 D21, pSD19 D5.16,
pSD19 D6.3 and pSD19 D5.10, respectively.” The topoisomers in plate E are partially
numbered according to the procedure desribed in Experimental Procedures. One
" topoisomer pair, -4 and +4, is shown. The relative mobilities of topoisomers were
determined fram photographs such as these and used to calculate the, respective energy
of cruciform formation for each plasmid, as summarized in Table IL1. . ‘












; “lificf‘ 0

. LR “w‘ " . Lo - M oo - f o
| [ | ST L S e
. { ) Y . ) ) S
A I i R N . . ) .
- / : ’ . ’ o : - . : .

o
| dlmen/smn of the agarose gels (th II lOE and II. lOF) The numbermg of tc‘oxsomers .
7‘1s related to lmkmg d1fference (ALKk), the slowest migrating lmeform molecule betng S
;desrgnated as 0. Positively superco:led topmsomers form the top of the "C" proceedmg
| down to the nght Ncgauvely supercoﬂed topolsomers extend to the bottom of the gels
o on. tjhe left formmg the 1mage ‘of the "C" The transmon from lmeform to cructform m‘ .

o pSAlB 56A clearly occurred at topmsomer -1\4 such that those topolsomers thha hlgher -

' ‘negattve superhehcxty co-rmgrated with mcked plasnud DNA (the 'mtensely stammg spot -
' ;,n the upper left oorner of the photographs) in the first d1mens1on, Just as was observed ml

' the one-dxmensmnal gel of Exgure 1L.3. Mlgrauon in the first dimension of these gels‘ :

d1st1ngu1shes molecules on the bas:s of molecular structure, wh1ch 1s determmed by the" o

nat1ve tors1ona1 stram M1gratlon in the second dlmensmn, in the presence ‘of

chloroqume, d1st1ngu1shes topdi‘wmers solely on the ba51s of ALk Thus the- lmkm}gﬁ

ferp)

o d1fference of crucxform~conta1mng DNA (or other duplex-perturbed forms) can bere

" adenuﬁed

ly

o 'I'he exu'usmn of the gral sequences. of plasm1d pSAlB 56A intoa. crucxform %curred ata

L

A calculated energy of supercoﬂmg (AGS) in the plasrmd of 44 kcal/ mole /omputed using -

. "}the pubhshed relatlonshlp between the energy of supercoxhng and hnkmg differenct o

(Wang et al 1983) Thxs value is equtvalent to the mlmmum energy of crucxform o

,formatton (AGf) (Table IL 1) Cruc1form-relaxed pSAlB 56A purxﬁed from E. colt was

| 'largely msensmve to. the acuon of the topmsomerase I used to convert plasmld DNA to the .

b

by the reductton of the t1tratable superhehcal densny of the molecule Plolonged o
'mcubattons of pSAlB 56A thh topmsomgrase lat 37 °C falled to "relax" the plasmxd o
: _ }DNA sufficrently In order to obtaln the topolSomer dtsmbutxon shown in Flgure o

4

IL 10F 1t was necessary to pretreat the plasrmd with ethldmm brormde and subsequently .
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\ ... Cruciform_energies of formation (aGf) in pSAIB.56A and deletion derivatives
R N . . . B .. ! Ty . . " f

_ lLengtﬁ of ‘the

L v at
;. Plasmid In rerted Repea
‘. Insert

(Base pairs)

- Bases at axis  Unpaired bases
without "dyad . - in cruciTorm
symmetry?t - stemt

* Ceyciform 4Gg*
_(kcal/mole)

psé,ls.ssA-' S T 3 .

epsfbw' | o 238 : _ o S 3 S ao"
- pD2I I | 238 o0 R [ e

oSDI9 D516 . 2l . s ), 39 ‘

p'SD‘l9l D63 .. 167¢ oy L sg
SpsDI9DSI0 0. 0. L

p_SUAD,-ZA; j s o

pATia T - 0 )

~on prednctnons of the maximum possnble base pairing. The number.., glven for bases
‘wnhout dyad symmetry at the mverted repeat axns denotes ;;3 mmnmum number ‘

A of obllgatory unpasred bases in the hairpin loop based on segUe“Ce- lt doeS not
B retlecr an obllgatory number of unpalred bases based on halrpln Structure, whlc%ﬁ

may bé four to six bases (Lllley,‘ 1986).

* As an average of at least yvo experiments; with an esuymated €rror of *
2 kcal/mole. g R S v 4

. ; . K _
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' cold extract the drug with butanol (Panyutm ot al 1984) in an attempt to remove the
pre- existing cruciform from the pLasrrud SurPﬂsmgly, when thc ‘ethidium broxin ide. |

trcated plasnud was mmmamcd at 4°C and electrOPhoresed at 4°C for annlyncal purpossl\ﬂb

most qf thc molccules were observed to be in the cmcxform state (not shown)

‘EVCntually, it proved nccessary to treat the ethldlum bl‘Otmde-mduced 1mcform plasmxd

DNA with topoisomerdise [ a4 °C unmedlatcly followmg the extraction step- A completc

: relaxauon (aV“age superhelical densxty rcduced to zero)of the plasmid could be obtained,

‘ 1f deslrcd md;catmg at the plasrmd had been quantltatxvely converted o the lmeform

“.. The AGf valucs for CIférmanon in pSAlB 56A obtamed followmg the gyrase ¢ treatment

\

| of mck—relaxed AlB. SiiA plasmld DNA (Fig. IL.10E) were indistinguishable from
those obtained with theto o;somemse I treated plasmlds proving that the calculated value
3 of AG¢ waS iﬂdepeﬁdent off;the means deed_ tbjg‘enervate the topoisoﬁihzfdigtﬂbmiom
Inherent in these Ob‘Sttrvations, the extrusion event in‘PSAIB 56A does not appear to be
'restrlcted by as lal'ge a kinetic bamer as has bcen observed for certaln othcr inverted .
| x‘epeats (Lilley> 1985; Gellert etal, 1983) Inthe time span of a few hours reqmrcd for
.‘ the extraction of the dmg and the electmphere51s of the DNA, both performed at4 °C, the.

- lineform was converted to the cruclform. This 1mP11€S that wh11e the energy of formanon .

may be relatively hlgh the kmeuc barrier must be rclanvely modest The dlfficulty in -

vmalntaining the PlaSmld m‘ the lmeforrn has prevcnted efforts to calculate prémsely the

| Cn@gy of aCﬂVauon"fOr the txansmon A lmkmg dlffel‘cnce of 14 roughly corrCSponds to

o Superhehcal denslty of -O0. 048 in this plasrmd “Above thxs dcnsny the cruciform was

the thermodyﬂamlcally stable form of ‘the viral sequences in pSAIB. 56A under thc X
v expenmen@l condmons mposed_ L :
' The"coo:putbd. energies of foﬁnaﬁon for this major li"¢f0rrnrto«qmci§0nn transition in‘

-
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each of the deleuon plasmlds are listed in Table IL1. Plasrmds pSD19 D21 and D5.16

‘were relaxed with toporsomerase I w1thout ethl.dlum bromide preu'eatment whereas
| 'pSAD 2 requtred the pretreatment. Included in Frgure 11.10 are topoisomer proﬁles for -
‘ pUC13 DNA generated exther at room temperature or at 37°C (Frg IL.10A and B,
: respecuvely) as controls ‘A minor perturbauon was apparent in the vector sequences at

- room temperamre at toporsomer -13 and th1s transmon was oliserved to be unstable due to

the coexlstence of unperhxrbed and perturbed forms of the same toporsomer (note the spur

" in lower nght of F1g IL IOA) At 37°C there appeared to be a temperature-mduced

" transition, also apparent at toporsomer -13. The profile of the temperature mduced effect

is srrmlar to that descrlbed by Lee and Bauer (1985) and may correspond tg eaﬂy meltm g

~ regions in the plasmid DNA. Whether or not these two transitions corres,ponded“,to the

same sequences in the vector is not known A drstmcuve transition was observed with
the control plasmrd pAT34 (Fig. I1. 10C ). The repeatmg (dA T) sequence in tlus plasrmd
is known to be readily extruded into a cruc1form (Hamford and Pulleyblank 1985). The

. structural transmon is limited to'a short stretch of duplex: whose size can be inferred from

dlfferences. in toporsomer tmgratlon between the natlve lineform and perturbed DNA

: forms “The A‘Gf for tlus transmon was calculated to be- 12 kcal/mole andis very close to.

' reported values for (dA .T)34 from a Xenopus globm gene (Greaves,eral 1985) Flgure

I1.10D shows the proﬁle of untreated plasmld pSAlB 56A DNA This clearly shows that,
the bulk of the extracted DNA was in the crucrform while only a small proporuon of less

supercoiled plasnud remams in the hneform "

The respective values for AGg are related to the nucleotide sequences of the various

 cruciform hairpins in Table IL1 and Figure IL9. In Figure IL9 the actual sequences are
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111ustrated in the hairpin telomere form which correspond to the extruded crucxfomt

'conﬁguratxon The illustrated smWeen selected on the basls of u’
I 2
determination of the maxlmum possxble base pairing and.the basic features of these

,structures have been mcluded in Table IL1. The extrusion of viral sequences into the
~ cruciform in pSAlB 56A was marked by the unusually high AGf of 44 kcal/molc

\ L Wxthout havmg altered any part of those sequences which are extruded in the cruc1form,
thxs value 'was s1gmf cantly reduced in the delenons pSD19 and pD21. I these plasmlds.
a part of either one or both of the distal mternal palmdromes (denoted as "e" in Fig. IL 8)

has been d%:Ieted resultmg in reductions of A'Gf to 34 kcal/mole: One posmb'e explanatlon

is that the deleted sequences may be involved in another transmﬁn or interaction, that

: competes with the maJor cruc1form transmon for avatlable superhehca‘l energy (see
Dlscussxon, this chapter). A series of bxdlrecttonal central axls deletiods in pSD19 were

created that alter the number of extrahehcal bases that would form i in the cruc1for/r)n ;

' .haxrpms and which also would affect the extent of symmetry at the axis of the mvcrted |

repeat. Reductxons in the number of extrahehcal bases appearing in the cruciform hatrptns ‘

, uces the value“of AGf; as suggestc.d -from compansons of the values for _pSD_l‘QN, ‘
pSD19 D6.3 a_nd'-psmb D5.10 (Table -'n.i)T. Perhaps offsetting this effect somewhat, 2
uction in the extent of dyad symmetry precisely at the inverted repeat axis;'-ap'peared to

: increase the value of AGf as demonstrated by a companson of pSD 19 and pSD19 Ds. 16»

Such an effect is surpnsmg ngen recent estimates that there are at least four obllgatory

unparred bases in hmrpm loop structures (Lxlley, 1986). Whatever arguments one nﬁght i
‘ propose to rauonahze the d:fferent AGf values obtamed for these vanants, an alteratlon in

A+T content is not expected to be a major contnbutmg factor consrdermg the

A+T-nchness of the telomere sequences asa whple. ,
. _ : I



- unpaired bases concentrated at the extreme hairpin ends.
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. transition events and served as a useful internal control,
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- For the most art, the crucffonns appearing in the derivative plzisniids’ were stable and
formed readlly under the condmons of" the experiments. The one exceptlon was pSDI19

‘D5 16, which appeared to be facﬂely extruded into'a cructform but it d1d not appe’ar to be

a stable transition. Toporsomers -18, -16 and -17 all coexxst in these preparatlons in both

| the lmeform and crucrform (Fig. I 101 ). The absence of streakmg between the tw\oDNA

‘ forms is cons1stent thh a slow mte onversron of forms during elcftrophoresrs,. in terms

of the time scale of the expenment. The thermodynarmc instability of the cruciform,

\

though,,remams unexplained although it could‘be related to the presence of umerous

/

The gel patterns dxsplﬁyed by the plasmids pSD19 DS.10, D6 3 and pSAD -2 (thure

IL10L, IL.10K and II.10H, respecnvely) are dtstmgulshed from 'the others by

demonstratmg two dxscrete profiles /.These topmsomer pattems were generated by

nlckmg plasmlds with DNaSe I, rehgatmg and treating the relaxed covalently-closed

. molecules w1th gyrase. The nicking rea uon did not cause complete resorption of the

o

‘ ‘crucrforms Thus, the subsequent g:é ent with gyrase concomltantly superc01led ‘

hneform DNA and crucrform DNA specxes producmg the different supenmposed proﬁles

¢/

“In these proﬁles the superconled crucxform DNA ‘was notz}%'\free of any additional

l

‘It was possible that the major cruciform extrusion event obscured or prevented potential

cructform formanon dexg\(ed from the central axls of the cloned mverted repeat in -

pSAlB 56A Smgle -arm denvanves of e p-SAlB.56A"»mverted repeat insért were o

3
Y

[y

minor 'transitions from occurring elsewhere in the viral telomere sequences Therefore, it~

was of interest to mvestlgate the perturbablhty of viral sequences in the absence of;
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prepared by lmeanztng pSAlB 56A (after conversion to the lineform by mckmg thh

"‘*DNase I) wlth AfIII followed by cleavage withy etther'HmdlII or EcoRI blunt end hgatxon .

and transformanon into E colt JIMS83. Plasmtd DNAs fmm selected clones were

analyzed, an%all those tested camed mserts of the expected size. ‘Thus, the right and left .

arms (pSAlB 56A-RA and -LA respecuvely) of the mverted repeat could be mdmdually

analyzed in the two-d1mensxonal gel system Preparanons .of both gave results Wthh -

Were mds) gtushable from the vector ttself (not shown) In the absence of v1s1ble

duplex,p batlons w1thm these single repeat mserts, 1t is unllkely that secondary viral

sequence-specrﬁc transmons, such as cruc1formauon, explam the effect that delenons ,

« iR
pSD19 and pSD19 D21 have.on lowenng the AGf of the major cruc1form éxtrusion évent

in pSAlB S6A. For mstance, the potentlal for the inverted repeat "c" (Frg I1.8) to be

- extruded mto the cruclform can not be’ demonstrated and thus it can not be argued ‘that

such an event competes with the major cruciformation event for helical torsion energy. ln
support of tlus mterpretatlon a 260 base-palr deleted derivative of pSAIB. 56A which
almost completely maintains th;deleted sequences of pSD19 (and pD21) l\n the form of a

62 base—palr 1mperfect mverted repeat dlsplayed no transition over and above that

perturbatton ascnbed to vector sequences, when tested at elther\room temperature or at:

37°C (data not shown) This is S1gn1ﬁcant since the mveged repeat in 4260 ts much

larger than the mverted repeat 'c’ as 1ts-repeat sequences extend fully to the hmxt of the-

viral insert. Ctucxformatlon in these small, 1mperfect palindromes appeared to be

4

thermod\narmcally forbidden under the test condxuons xmposed here.

R

~ In the plasmid pSAIB.56A, SFV telomere sequences have been cloned in an inverted -

N

]
A
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' repeat arrangement equivalent to their. orgamzatlon as observed m poxv1rus rephcanve

intermediates (DeLange and\ McFadden, 1986; DeLange etal., 1986) At superhehcal

densities native to bacteria, the v1ral sequences in the punfied recqmbmant plasmid are -

B extruded into a stable cruciform structure in vitro. 'I‘hls 1nvest1ganon ot!‘ cruciformation

wrthm the cloned telomeric sequcnces was undertaken as an in v:tro assessment of the

' potennal for extrusion. within the same telomere arrangement that appears trans1ent1y in

rephcanve mtermednates of SFV DNA in vivo. Cruciform exu'uswn has been postulated

-

v,;,rr L

€

unknown. - US

- as an event which could lead to the resoluuon of these mtermedlates to hairpin terrmm in

" vivo (McFadden and Dales;f 1982; McFa{dden and Morgan, 1‘982 Szostak 1983), in | )
which oase the transmon would presumably ha\re to be temporally and Spaually regulate
Altemauvdyg crumformanon may be deletenous to the vrral replicative process and there
may-be safe-guards resident to the telomere sequences wlhch*prohxblt 1ts occurrence in
infected cells.: In this study special consxderatlon has. been given to the presence of
extrahehcal bases_in the viral telomere hairpins. They nave a profo'und inﬂuence on the
energétfcs ot: cruciformatiOn, as' indicated by the Results, and this rnay be significant as

they are a conserved feature of poxvirus telomeres and their i vivo function is currently

Sy e

1

The results presen‘ted here and prevrously (DeLange et al., 1986) d Acribe a single duplex
DNA transition that occurs within the mverted repeat configura n of the SFV hairpin

. telomeres The topological consequences of the transition mﬂuence the electrophoreue A

behavrour of recombinant plasrmds beargng these sequen.cez and mapping data defining
the locauon and limits of the transition are ev1dence of a major hneform to-cruciform

convermon spectﬁcally thhm the viral sequences The amount of supercoiling energy '

necessary for cruciform extrusion to gc,cur‘xs hlgh relative to the other shorter inverted _ -

¢
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in plasmid DNA isolated from bacteria, L.

14

/f . i | 9
Invivo, the viral inverted ~repea't insert confers upgh the plasrmd bxologxd 3 l‘q

mstablhtybave been attnbuted to the ability of pallndrormc sequences to ado e Hci
stuctures which are labile or redctive in the cell (Collins e al., 1982, Hagan and Warren,
1983; Boissy and .Astell,'1985). Howeyer, there is not yet an established correlation '
between the ob§ewed biological fate of palindromic sequences and the Spontaneity of
~ crucrformauon w1th1n these sel;uenc:s in vitro (Hagan and’ Warren, 1983; Warren and
Green, 1985) As a result, other explanauons for the observed brologlcal properties of
cloned pahndrormc sequences have been proposed which involve a non-spontaneous, or
catalyzed vers1on of cruc1formauon (Wa.rren and Green, 1985; Leachand Lindsey,
_ ~1986) The plasmrd pSAIB. 56A is unstable in wild-type E. coli, and is observed to cast
..,off a specrﬁc recombmant form even in recombmanon-dcﬁcrent strams of E. coli (Fig.
’ - It 7) It appears though t.hat pSAIB.56A is more stable in ; recF + background than were
the smaller parvovrrus-denved palindromes studled by Bo‘issy and Astell (1985)

~ Whether thrs is, in part, a funcuon of the high AGf for crucrformauon in pSAlB 56A 1s .

. not known. Among other parameters that may influence thls pecuhar recombmanon event
"is the drstance separaung the drrect repeats that cléarly are mvolved in the deletion reaction
(Hagan and Warren, 1983). 'Nonetheless, the point can be made that the viral 1@ertcd

P e

repeat, desprte bemg 1mperfect and havmg a large AGg for crucrformanon, retams the
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biological properties charactcn’stic of other palindromic sequences. The in vitro deletioh

derivatives of pSAIB. 56A are stable, in splte of havmg lower AGfs but note, however,

that these denvatwes were all prepared from plasmld pSD19 in whxch one of the ‘
recombination-dependent dxrect repeats (a:ms of the inverted repeat 'c’, Flg I1.8) has
 been removed. . | ' . e

4

,' * Several small invw&s are known to be stable iri E. coli and. these have Aaf values
for cruciformation —that e low by c0mpar1soLn to pSAIB.56A, yet which remfain
‘substantial (about 18 to 25-kcal/mole) (Courey and Wang, ,1983; Ltlley and Hallam 1984;
Panyutin et al., 1984).' However, in vivo, this transition may be forblckien by a very
| large kinetic barrier (Courey and Wang, 1983). Interestingly, cruciformation in the |
. poxvlza.l telomeric sequences.described here does not; according to several observations, o

" appeaf to. be substa

inhibited by ‘a large kinetic barrier in vitro. The
supercoiled-linefqrm of pSAIB.56A was ret'rtarkably unstable in the relaxat'ion re'action .

presis conditions used,,even at reduced temperatures In'

S

buffer and the electroph
conclusxon, it would be unwarranted to preclude crucxformauon within the v1ra1 sequences

in vivo on the basis of an unfavorable encrgy of formauon or on the emstence of an

-insurmountable kinetic barrier. & t, the’combinatjon of a high AGf and a low energy
. of actxvatlon for cruciformation i in these sequences cUoAbe explmted from a blolog1ca1
viewpoint, in a regulatable viral process. An in vivo transmon would be expected to be
‘rapid (have a low activation energy), yet controlled (by a high energy of formauon),,
v perhaps by mampulanon of the local hehx tors1onal energy near the threshold for

crucrformanon "The spaual and temporal modulatanon of the process could, in theory, be |

achxeved through the action of specific DNA binding - prote?s mteractmg either at sites
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. within the extruded sequences or-at sites flanking the extruded sequences such that
\

cruciformation would be sénsitive to regulation exclusively within the telomeric

sequences Clearly, flankmg sequences have a beanng on the energetics of
crucxforrnauon as demonstrated by the differences in AGf values for pSAlB 56A, pSD19

and pD2L (Table II.1). Previous reg?rts (Hagan and Warren, l983 Lilley, 1986;
Sullivan and Lilley, 1986) have cited contextual phenoimena, that is, the influence of
nearby seouences on aschts of cmciformation within palindromic DNA. Protein
interactions w1th the telomere sequcnces is consistent w1th the observatiori that resolyxon -'
of SFV telomeric replicative 1nterrned1ate sequences to éi’aughter hairpins of viral
"rmmchromosomes in vivo specifically reqﬂuxr’es mverted copies-of a 58 to 76 base-pair
core target sequence, spanmng the regions I, II and III as mdxcated in Figure 11.8
(DeLangg et al., 1986; DeLange and McFadden, 1987). |

Unpaxred bases are a conserved (fe%lrc of poxv1rus telomeres (Baroudy ¢tal., 1982,

DeLange et al., 1986) and probably take the form 1 of extrahehcal bases (Evans and
Morgan, 1982 Evans and Morgan, 1986) Thc results indicate that a profound

conmbuuon to the hxgh AG¢ value for cruc1formauon in pSAlB S6A is made by the

presence of extrahellcal bases. Other reasonably large cloned palmdromes have been

%

shown to ha've AG¢ values around 25 kgd/mole (Mizuuchi et al., 1982; Table II.1, this
paper: pSAD-2 and pSD19 D5.10). Consideration‘ of the plasmids listed in Table II.1

suggests that the effect of palindrome size and base composition near rhe cenn'al axis are, |
at best, secondary to the effect of the extrihelical bases Signiﬁcantlv, there is no obvious
correlation between the reuoned AG'f‘values for lhefvarious plasrrlids and the ability of -

: _ H . : .
those plasmids to be resolved to daughter hairpins in an in vivo assay system. Using the.
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in vivo transfccfén f4ssay for resolution to minichrqmosomcs described earlier (DeLange -

e

" et al., 1986), the deleted plasmids pSD19 D5.16, D6.3 and pSAD-% are capable of being

resolved to telo hairpins in virus-infected cells (DeLange and McFadden, 1987).
Note that all unpaired bases native to the SFV telomere have been deleted in plasmid
pSAD-2 suggesting that extrahéliéal bases make no vital contribution to resolution in this

system. The plasmid pSD19'D5.10 is not rcsolvcd in the in vivo transfecuon assay, even
though it has the same AGf as pSAD-2 and thgs shese dclenon clones have\scrved to

N idcntify a region of primary viral sequence vital for resolution. Qther parameters, such.as ’
the activation cncx_'gg' for cruciformation and/or the binding constants of putative accessory
proteins, may turn out to be more critical to the replicative process.

LN . " ‘

'quvirus telomeres are enriched in A-T basepairs. 'No, attemps has been made in this
‘study to mcasurc the influence of’base composmon on cruciformation. chuenccs w1th1n
inverted n:peats almost certainly influence crucxformauon, but in this study differences in '
scquence‘brought about by the deletions havc not significantly alteréd the overall base
composition of the telomere sequences and their cffec’t is presumed to be minor.

,‘ Certainly, rcpcatmg (dA. T) scqucnces (as in the.Xenopus globm gene) typlcally have'
lowcr than averagc AG¢ values for crucxformauon (Greaves et al 1985) and a much

lower activation energy (Haniford and Pulléyblank, 1985) but this may be attributable
more to the i'cpcating namr§ of the sequence and not simply the presence of an A+T-i-i2h .
r_egibn. Sequences rich in A-T base;iairs are confox;mationally flexible aqd can affect
cruciformation in a profound.if not yet clearly understood fashion (Sullivan and Lilley,
1686) Coupled with the presence of perfect §ymmctry precisely at the ‘axis of the |
' 'tclomcnc mvcrtcd repcat these age two features of S:?l telomere sequences that -

conceivably contnbutc to reduce the acnvauon energy for crucxformanon in the SFV
| 4

~
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telomere s‘cquenccs (see Lilley, 1985; Lilley, 1986).
| a . |

" Within the major telomeric inverted repeat cloned in pSAIB.56A there are six small

inverted rcpcat sequences QXa" "b" and "c¢" in Fié. I1.8). Experiments described here

have consxstently failed to demonstrate the occurrence of secondary, torsion-induced,
transitions in the cloned sequences under the imposed conditions. Therefore, there appcar
to be no obvious transitions wh{ch compete with the major c;uciformation event for-
-available torsxonal energy. -The infernal mverted repeats almost assurcdly rcmmn in the

lineform at physiological superhelical dcnsmcs ‘This is not surbrising since all these

palindromes are imperfect and poségss repeats no 1ongcr than twelve base-pairs in Ten gth.
~ Those marked 'a', 'at’ and ‘¢’ in Figure F.S can be deleted without adversely affecting.
resolution in the in vivo assay (DeLange ‘and M?Fadden, 1987), while the small inverted
repeats designated ‘b’ in the same figure fall within the domain shown to be ogjtical for
resolution (Delange ez al., 1986) A cons1dcrablc contribution to the undcrstandmg of
telomere rcphcauon in poxv1ruscs will accompany the 1dent1ﬁcauon of the preteins that
participate in the resolution of the telomere invertéd repeat arrangements. A vaccinia virus
ehcodﬁd DNA cross-linking protein has been identified that may participate in this action
(Lakritz er al., 19?5). In the fuitlrc, it will be instructive to compare the binding of
proteins to SFV. telorﬁerc sequences as théy exist in the lineform and the cruciform, as
well as to measure the influence that telomere bmdmg proteins bnng to bear on the faclhty
of cruciformation. Hopefully, it will then be poss1blc to assess whcther cruciformatipn is
required for telomere replication in vivo or whether it-is an event that must, in fact, be

13

prohibited for efficient replication to proceed.
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IXL. THE SITE- SPECIFIC CLEAVAGE OF SYNTHETIC HOLLIDAY

JUNCTION ANALOGS ~AND RELATED BRANCHED DNA

.‘STRUCTURES BY BACTERIOPHAGE T7 ENDONUCLEASE 11

_' A. Introduction ,

4

' B cteriophage 7 endpnuclease I (Center and ‘.Richardson 1970; Sadowsld, 197BT4
endonuclease VII (Kemper and Garabett 1981) and lambda mtegrase (Int protein)
(Kikuchi and Nash, 1979) are three enzymes which have been shown recently to resolve,
by spec1fic cleavage reaction, branched DNA stmctures analogous to Holhday

crossovers. The Holltday crossover is wxdely considered ta be a key recombmauonal

mtermedxate that anses from the recrprocal exchange of single- strands between two

homologous DNA duplexes (Holhday, 1964; Holhday, 1974; Meselson and Radd.mg,
1975; Potter and Dressler, 1982) The branched Junctton of cruciform DNA w;:ch is
structurally idenitical to a Holliday crossover, is a substrate for the endonucleolyuc activity
of both T4 endonucleaseiVII (MlZUUChl et al., 1982; Lrlley and Kernper, 1984 Kemper et
al., 1985) and T7 endonuclease I (Panayotatos and Wells, 1981 de Massy etal., 1985;

de Massy et al 1987). Both enzymes introduce a pa1r of nicks at or very near the base of |

the crucxform halrpms, effecuvely resolvmg these branched molecules to linear products.
All three enzymes have been shown to resolve ch1-form DNA a Holhday struct‘ure

- | prepared from restncuon fxagments, which charactensnca]ly has a limited region of dyad

B symmetry such that the crossover is free to branch-mﬁxgrate (Mizuuchi er al., 1982; ‘Hsuﬁ

and Landy, o

-

P, McFadden G, and Morgan, A.R. 1987 J. Blol Chem.

| L A version of thtI chapter has been accepted for publication. Dtck1e, ' o



- 1984; de Massy etal., 1987) More recently, the T4 and T7 enzymes have been shown'-

to cleave the three-way junctions of DNA Y-structures (Jensch and Kemper, 1986; de '
Massy et al 1987). Endonucleases withra specxficuy for Holltday Juncuons have alSo
been isolated from yeast (WeSt and Korner, 1985 Syxmngton 'and Kolodner, 1985). Itis . ‘.
generally assumed that endonucleases with thts spec1ﬁc1ty functton Ain the resolution of
Holltday 1ntenned1ates during homologous recombmauon Therefore, analysis of the
‘ cleavage of branched duplex DNA structures by this class of enzyme (and the subsequent
rejoining of strands by an enzyme like Int protein) can be instructive both i in terms of an
v .'understandmg of the enzymology of recombination and the stereochemtcal nature of -
branched DNA. . S ’
' Tﬁﬂerw‘tuclease I and T4 endonuclease VII have been used successfully to probe ;
p%cxﬁcally for cruciform structures in plasmid DNA (Greaves etal., 1985; Hamford and
‘Pulleyblank 1985; Naylor et al., 1986). Cruciforms can extrude spontaneously from |
inverted repeat sequences in covalently-closed cucular plasmid DNA that 1s under
sufficient torsxonal strain imposed by negauve supercothng (Gellertet al., 1979) A pzur
 of nicks placed on opposmg strands across one or the other d1agona1 axis of the cruciform
:?)ver "resolves” the cucular molecule to a nicked, lmear duplex with hatrpm ends.
Most of what is known of the actmty and SPCCIﬁCIty of these enzymes towards branched
DNA has been denved from the cleavage of cruciform structures In thts, they have |
" demonstrated great structural speciﬁcrty with litde or no sequence specrficxty, establtshtng,'
their value as probes. In recent reports, there has been speculauon on the resolvmg,
~ mechanism of these enzymés, based on the. obscrved acuv:ty towards '
| » cmctform-contammg DNA (Mizuuchi et al., 1982,lKempcr et al., 1985; de Massy et al., o

1987) 'I’hesc substrates, however, have limited usefulness ina detdiled enzymauc study

3
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’I’hxs type: of crossover is really a umque structure wluch possesses two topologlcally free _
| branches with homologous sequences (the cruc1form hairpins) and two branches with
‘unique sequence that are tors1onally constrained i in the circular, supcrcorled domain of the
plasrmd molecule. Itis uncertam to what extent the efﬁcxency and position of cleavage by
the cpg nucleases is-influenced by thlS limited symmetry and configuratronal stram.
. l(dorﬂ,-there remains a limlted_nhderstanding of the factors that govern the choice
' between the two.cleavage axes et.the junction. o | | ' A 4
- T7 endonuclease I contributgs to the breakdown of host DNA during phage infection "
(Center ek al., 1970; Lee and Sadowski,. 1981) end is required for phage recombination
(Powling and Knippers, 1974' Kerr and FSadowski, 1975; ’l:sujim'oto and Ogawa, 1978). -
: Ongmally, the enzyme was shown to hydrolyze both smgle-stranded and double-stranded
DNA endonucleolyueally, with a 150 fold preference for smgle-stranded substrates
" (Center and Richardson, 1970; Sadowski, 1971). Tsujrmoto ind Ogawa (1978)

dernonstrated a rolg for the gene 3 product in the processmg of branched DNA during’ the '
Y

17 phage life cycle and suggested that the enzyme could cleave elther four-way or

threc -way branch junctions that maunse durmg recombmatlon Cousrstent with this
carlier hypothesrs, 'I'7 endonuclease I has been shown to clea;\e\/rumform DNA at the
- base of the harrpm structures with remarkable specificity (de Massy e‘f/al 1985 Greaves
et al 1985; Naylor et al., 1986) introducing nlcks that are /dsually one or two
" nucleotides- remdv:d to the 5' srde of t.he predxcted crossover pomt, but which may be as
many as four nucleotides removed from the crossover gy{e susceptxbrhty of three-way

Juncnons (Y-structures) to, T7 endonuclease I digestibn has also been demonstrated

recently (de Massy etal, 1985)
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To extend the examination of substrate parameters which determine the recognmon and -
TR ©
cleavage specificity of T7 endonuclease I, thts report descnbes the creatton .md

O

Msuscepubthty of alternative substrates prepared from par;ly-complementary, synthetic |

ohgonucleottdes In appropriate eombmatxons, the bligonucleotides were annealed.to
. form three dtfferent types of branched DNA structures possessmg erther three or four

duplex DNA branches 'I'he three duplex structures were: @i)a I—Iolhday Juncuon analog

w1thout  dyad symmctry such that branch. tmgratron 1s prohlbtted (u) a Ho'. junction .

" with limited dyad stmetry and, therefore, capable of -branch mtgranon and (iii) a

o Y-Juncnon with a fixed crossover point (see Flg IIL1). Similar synthetlc ﬁxed hrossover

Holhday structures have been studied by Kallenbach et al. (1983) and by Evaﬁs and |

Kolodner (1986) i in association w1th the characterization of a yeast endonuclcase The
: results prescnted in this paper demonstrate the formation of the desired DNA structures
and establxsh the sensmvrty of each to cleavage by T7 cndonuclcasc I. The cleavage
observed was srte-specrﬁc with respect to the position of the branch point, even more so

than reported in the earlier pubhcanons This specrﬁcrty was equally appllcable to the

cleavage of DNA structures that possessed smgle -stranded branches. T7 endonuclease 1

also demonstrated a definite, but modest, degree of sequence spec1fic1ty Wthh has not, -

until now, been identified, This rcport emphasizes the mﬂuence of sequence spec1ﬁc1ty

on the srte-du'ected cleavage of branched DNA forms. Fmally, the data are reconciled

with the previously descnbed activities of T7 endonuclease I and are compared w1th the

<\

published ; actmty of T4 endonuelease VIL
B. _Materials and Methods

Enzymes and Buffers T7 endonuclease'l was the generous gift of Dr. Paul Sadowski

v
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Figure IIL.1. Oligonucleotide sequences and the primary dup%x DNA branched *
structures. Three duplex DNA branched structures were formed under annealing
conditions with the appropriate combinations of eight oligonucleotides (oligos 1, 2, 3,
4,5, 6,7, 12) as shown here. Panel A: a Holliday junction analog with a fixed, or
_immobile, crossover point; Panel B: a Y-junction with a fixed crossover point; Panel C:
" Holliday junction with limited dyad symmetry (the bracketted sequences) and with the

- capacity to branch migrate (is semi-mobile). The asterisk over oligonucleotide 5 .
identifies the one confirmed base mismatch. . -

—
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(Umversnty of Toronto) Tt tvas obtained at a concentration of 57 units/ml (defined using
fd DNA as the substrate; SadOWSkl, 1971) and was 95% pure as inferred from
SDS‘-polyacrylamide gel clcctrophores:s (P. Sgdowskl, pcrsonal commumcatlon). ‘ The
'cnzymc was stored in 50% glycaol (v/v) at -20°C attd was titrated aém’nst plasmid
' pSAIB. 56A (described in ciiaﬁt'cr If) known to contaiit a stable cruciform. The cruciform
was cxtmded from an insert of poxvu'al telomere DNA sequence which was arranged in
~J an inverted rcpeat conﬁguranon (DeL@ge et al., 1986; DeLange and McFaddcn, 1987
Chapter II). Ina IOul reaction, 0.1ul of pure enzyme completely digested 50ng of pure
covalcntly-closcd circular plasrmd DNA » a linear form in oné minute at 37°C, as

,assessed. by agarose gel clectrophoresm of the reacuon products 'I‘he standard teaction
bjt}ffcr (Endo I buffer) contamcd SOmM ’l‘ns HC1 (pH 8), lOmM MgClz, lmM

dithiothreitol, 50|.Lg/m1 bovine serum alburmn and 4mM spermldmc In h1s original

papcr,‘Sadctwsln (1971) deﬁnexé{‘n?‘l‘t. of activity a§ that amount of T7 endonuclease I '
required to singly nick 0.156 nmole Of circular, single-stranded fd DNA in‘ten minutes
(calculgtcd assurmng the size of fd DNA to bc 6400 nucleotldes) By comparison, .0Q57 |
units of T7 cndonuclcase I lmeanzed 0.025 pmolc of pSAIB. 564\ DNA in one minute.

"By extrapolatxon in ten minutes one unit of enzyme would have lmeanzed 0.044 nrnole

- of pSA=1B 56 A DNA. Considering that the lmcanzanon of pSAlB 56A would rcqmre two . |
nicks, and that csumattons of enzyme activity with’ thlS substrate were derived from |
reaction end-pomts and not linear reaction rates, the cleavage efficiencies for the two

lubstmtcs can be rcgardcd as comparable

T4 polyhucleotide' kinase was obtained from Bethesda Research Labdratories M(BRL) and /
DNase I was purchased from Bochringer Mannheim. DNase I digestions were performed
" in 40mM Tris.HCI (pH 7.6), 5SmM MgCl,, 50uM EDTA, 0.5mM dithiothrc'itol\and 5%

[
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glycerol (V/v) at room temperature. The chemicals used for DNA sequencing according to
the procedure of Maxam and Gilbert (1980) were 'purcha'sécf from NEN/Du Pont.
Oligggucleotides were s{ored in 10mM Tris.HCI (pH 8) and 0.1mM EDTA (TE buffer).

' thgnugle_o_udgs Oligonucleotide synthesis was carried out by the Regional DIflA
Synthesis Laborzitory at the University of Calgary (Canada). Individual oligonucleotides '
were purified by the 'supplier either by preparative agarose gel ‘electrophoresis or high
pressure hquld chromatography and their sequences were verified by Maxam and Gilbert _
sequencing (see later). LyOphlhzed samples ‘were rehydrated in TE buffer at a’
concentmtion of 1mg/ml and stored frozen. The oligonucleotides were end-labelled with
T4 polynucleotide kinase and [132PlATP (specific actf;ity 3000 Ci/mmole) following
standard procedures (Manlatis etal., 1982). The labelled oligonucleotides were then
repurified by gel electrophoresis, either in non-denaturing 20%‘polyacrylamide gels run at
room temperature and at 10 V/cm or in standard denaturmg gels contammg 20%
‘polyacrylamide and 7M urea, with 90mM Tris.borate (pH 8.3) and lmM EDTA (TBE
buffer) as the running buffer in each case. The DNA was located by autoradiography,
exc1sed from the gels and eluted, from non-denaturmg gels, into a small volume of TE -

buffer DNA punﬁed from denatunng gels was eluted into a small volume of 0.3M
ammonium acetate, lOmM MgC12 1mM EDTA and 10pug/ml tRNA, after which the DNA

was precipitated w1th ethanol and resuspended i in TE buffer (Maxam and Gilbert, 1980)
- Oligonucleotides vpuriﬁed from denaturing gels were greater than 95% pure. When
punﬁedfrom native gels their purity ranged from 50% to 95% (compare Figures IIL.6 and
1118 with Figure IIL7). Examination of the results demonstrated that the jdentification.of |
cleavage products did not vary significantly between these two classes of oligonucleotide

samples. Unless stated otherwise, labelled oligonucleotides were repurified from native
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gelsand were stored frozen at -20°C.

s

cali { Cleavage Reactions Oligonuclebtidcs were typically combined in 8 or Sl

of TE buffer. Combinations in which all 6ligonucicotidcs were unlabelled contained from
Sdng to ZOOng of each oligonucleotide. Preparations of 32p_1abelled oligonucledtide
) con';plcxcs éontaincd 10ng of each unlabéllc’ci oligonucleotide and approximately 6ng of
labelled oligonucleotide, in the same final volume of TE buffer. The mixtures were
pre-warmed to 37°C and cooled to room temperature under annealing conditions provided .
by the addition of Ipl of 10X Endo I buffer. Cleavage of the anhcaled prodacts was
carried out at foom temperature by }hc further additioﬁ of 0.1ul to 1.0 pl of T7
endonuclease I as indicated. Products of the reactions were analyzed by éblyacryiamidc
. gel elec phoresis“. Non-denaturing gels contained 15% poly_acrylamidc‘ and were rur at -

4°C in buffer + SmM MgCl, at S5V/cm. The reactions were terminated by the

’ addition of 2l of g;l loading buffer: 2% (W/V) sodium dodecyl sulfate (SDS), 30% (v/v)
\ glycerol and 0.1% bmmopher;ol blue. -The(géls were stained with ethidium bromide (0.5
pg/ml) and destained briefly in distil_led\wa,tc;bdore bcing 'photog‘rap}iéd. The
identification of cleavage i)ositions was accomplished by elec_t;'oghoresing the products of

' _rgactiorié with labelled complexes instandard sequencing gels'containing 7M urea and .
either ' ‘12% “or 20% polyacrylarﬁide (5% (w/w)..of which is -N,

| N'—qxcth_yl’cnebisacrylaﬁﬁdc) (Maxam and Gilbgrt, 1980). The elcctréphoresis buffer was

TBE. Digestions of labelled éomplexcs were terminated with- an equal volume of 90%

: . R
" _formamide, 10mM EDTA and 0.02% xylene cyanol. , -

Intact Holliday structure analogs, with one constituent oligonucleotide 5' énd-labelled

-~ with 32P1 were purified from non-denaturing 15% poiyacrylamidc gols run at 4°C in TBE

S
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containing 5SmM MgCl,. The specific DNA complexes were located by autoradiography,

| excised and eiute’d’ directly into a small volume of Endo | b‘_uffer at 4°C. T7 endonuclease
I cteavage of purified complexes was carried out directly on this material as otherwise

®described. ¢ - o h

Smgnm.mﬂﬂﬂa&l_mmm 5 cnd-lﬁi@g oligomucleotides were scqubnccd
‘using the chemical methpd of Maxam and Gilbert (1980). chucncmg gels of 20%
polyacrylarmdeﬂM urea as described in the precedmg ‘section were used. Fragmcnt
ladders of 5' end-labelted ohgonucleoudcs were also generated by partxal DNase |
digestions. Fer these reacnons, Sng or less of labelled ohgonuclcotldc was dllutcd into
10pl of DNase I buffer and cleaved with 100ng of DNase I at room temperature for 2
minutes. T‘e reéctic;né werc‘ terminated with EDTA (to 10mM) and an equal volime of

gel loading buffcr,' and were analyzed in 12% denaturing gels as previously descr&izl’)ed.

4
@ N

C. Results

MMLMM - The sequences of the eight oligonucleotides
synthesjzed for this study were chosen such thgjt there would be minimal intra-str‘and
complcménﬁxﬂy and only the inter-strand cox;plémcntaﬁty ncccsﬁary to permit the
férmation of the desircd branched structures (see Fig. I1L.1), and that in the resulting
structures there would be approxxmathly an equal number of GCand AT bascpalrs The

structures diagrammed in anurc IIIl cxhlbu the maximum fca51blc mtcr-st&and
\ e

basepairing and, given an equlmolar mnxture of the individual strands, are the gxpected

R major products of the respective annealmg reactions. The posmon of the crossovcr in 1hc

| branch-rmgranng Holhday junction (Fig. III.1C) is presumably variable, but limited to the

T8
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| reglon of dyad symmetry -The ohgonucleondes ‘were etther 26 or 3}) nucle’otide's in
3 length so that the, structures possess etther three or four duplex DNA branches thCh are
E shghtly greater than a turn of hehx in length A51de from the smgle—stranded extens1ons
. on certam ohgonucleottdes the complexes were desrgned to be completely ;

o }complementary Sequence analy51s 1dent1ﬁed an. error in one of the sequences l-
: (ohgonucleotlde 5, F1g III 1C), at wh1ch pomt 1n the Holhday structure analogue a base |

rmsmatch wouldbeexpected e
. et - ) . ' o o " .
"“ *‘1) R E T R e v

’ Hybndlzauon of combtnatlons of the elght ohgonucleoudes (hereafter abbrev1ated ohgos )
| '1 2 3, 4 5,6,7, and 12 dS deﬁned in Fxg III 1) i in Endo I buffer resulted m the
' appearance of novel forms of DNA w1th amuch reduced rnoblhty in polyacrylamlde gels

“in comparlson with the md1v1dual ohgonucleoudes The formanon of the o

. _' nnmobtle-crossover Holhday Juncnon (th I lA) was dependent upon the addmon of

L lohgos 1 2 3 and 4to TE buffer and the presence of the duplex-promonng reagents m

. Endo I buffer (fug III 2 lane f) The addmon of MgClz, sperrmdme or IOOmM NaCl

= separately to TE buffer was enough to stabthze the Holhday structuae analog (not sho\vi(n) -

- The complex d1d fa11 to appear when the four ohgonucleottdes were combmed in TE

f’but‘fer alone (Frg III 2, lane e) or when any one of the four desrgnated OthS was ;, :
g omltted (Frg III 2 lanes a through d) The 1ntermed1ately posmoned bands in lanes a’ :
i through' d (Frg III 2) rmgratc as thou’gh they were d1mer complexes of ohgonucleondes

o (sec also ﬁgure . 4) Although no bands were V151ble in these gels that corresonded to
,tdmer combmanons, in polyacrylamlde gels electrophoresed in the presence of MgClz,

o tnmer.complexes were clearly v1s1ble (compare W1th th III 5) ‘The maJor product ol‘ the
: anneahng reacnon contammg ohgos 1, 2 3 and 4 is composed of stolchrometnc amounts j

all four olrgonucleottdes, as demo{fsn‘ated 1n Flgure . 3 Upon the addmon of

e . -~



Figure II1.2.  Formation of the fixed-crossover Holliday junction analog.

. - Oligonucleotides (oligos) 1, 2, 3 and 4 were combined in various combinations (50ng

of each) in T7 endonuclease I buffer (except lane e, see below) and electroptoresed in -
‘ is.bo A (TBE, less magnesium) buffer at 4°C and
ith ethidium bromide ahd photographed.. Lane a:

.5V/cm. The gels were staine

. mixture of oligos 2, 3.and 4; Jane b: oligos 1, 2.and 4; lane c: 1,3 and 4; laned: 1,2

-and 3; lanes e and f: all four oligonucleotides combined in TE buffer, or endonuclease I
buffer, respectively. Individual oligonucleotides (lanes 1, 3, 2 and 4, denoting the

corresponding oligo) were present in 200ng amounts. . -






Figure II.3. Strand stoichiometry in the fixed-<rossover Holliday junction analog.
Equimolar amounts of oligos 1, 2 and 3 (0.5uM, determined spectrophotometrically)
were combined in T7 endonuclease buffer with increasing amounts of eligo 4 to.
demionstrate the expected 1:1:1:1 stoichiometry of the component strands in the
Holliday structure analog (uppermost band). The rapidly migrating material in the

extreme right-hand lane is the excess uncomplexed oligo 4. Electrophoresis conditions
were identical to those described in Figure IIL.2. -
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mcreasm% amounts of ollgo 4 to an equlmolar mmure of ollgos I, and 3 (OLSuM per
nucleotlde) there was an increased appearance of the slowly nugrattng DNA complex
Maximal levels ot’ this DNA complex were attzuned when ollgo 4 was present at near -
et;mmolar concentrauons Hence, these results are consistent thh the formatxon of the
tetrarreric mplecule illustrated in Figure IL1A.

~

Evidence for the formation of the remaining two branched‘str‘uctural forms in mixtures of

¥

the approprlate oligonucleotides is presented in Figure 1114, panels B and C. The
obﬂe-crossover Holhday junction (ollgos 3 3, 6 and 7) appears as the tetramencn
" complex in Frgure HL4B (lane 0), while ev1dence for the formanon of the Y-Junctlon is

, appa:ent in Frgure II.4C (lane 0). Both these gels and the gels of Flgure L5 were .

e electrophoresed in TBE buffer that contamed SmM MgCl, because the moblle-crossover

Holhday Junctlon was not v1S1ble in gels w1thout magneswrn and most probably, ltke the
possible tnrner combmanons of oligos 1, 2,"3 and 4, 1t was not stable under
.. electrophores1s condmons m the absence of the cation. The low stabllrty of the obtle
' Junctlon may acco(?}lt for. the overall low yield observed even in gels which contamed
- magnesrum ’I’he poorer stability of the mobxle crossover Holliday Juncnon may be
related to the presence of the s1ngle base mlsmatch identified, or may be. attnbutable to
branch tmgratxon The Y-Junctlon, on the other hand, was stable in gels run in the
absence of magneswm Tnmer combmatxonsq of ollgonucleoudes, whrch presumably}
: form structures with two duplex and two smgle-stranded DNA branches, and therefore
v _are,structnrally dxsnnct _from, the duplex Y-Junctlon_, co-rmgrated with the fully duple‘xed
| Y-juncﬁons when electrophoresed together in magnes'iurn;containing' gels (nbt shown).
The similar mobilitles of the various trimer complexes can be appreciated b.y a comparison -

of Figures IT.4C and IIL.5A. The relative rnobility of dimer complexes, molecules which
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Figure IIL4. Cleavage of the duplex DNA branched struetures by T7 endonuclease I
Appropriate combinations of oligonucleotides (150ng each) in 10ul of T7 endonuclease
I buffer were treated with various amounts of T7 endonuclease I at room temperature., .
for various,periqds of time. The reactions were stopped by the addition of EDTA (to

10mM) and SDS (to 0.1% (w/v)) and electrophoresed at SV/cm in 15% polyacrylamide
containing TBE buffer plus 5mM MgCly. The gels were run at 4°C then stained with -

ethidium bromide. Panel A: the fixed-crossover Holliday junction (tetrameric complex
of oligos 1,2,3,4), either untreated (0), or digested with 0:2, 0.5 or 1.0ul of enzyme.
for 30 minutes (see text for activity of enzyme). Panel B: the mobile-crossover

_ Holliday junction (tetrameric complex of oligos 3,5,6,7), similarly treated as A. Panel
C: the Y-junction (trimeric complex of oligos 3,4,12), treated with 1.0ul enzyme for 0,
10, 30 or 60 minutes. A dimer complex (oligos 3 and 4) and bligonucleotide 12 are.
included as.mdrkers. C _ :
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~ Tetramers
Trimers



Figure IIL5. Cleavage of trimer and dimer oligonucleotide complexes with T7
* endonuclease L. - Various combinations of oligonucleotides (denoted by the numerals in
- the lane headings, 150ng each) were annealed in T7 endonuclease I buffer such that-
dimeric and trimeria-branched structures with single-stranded arms would form. Panel
A: samples of each were either tndigested (-) or were digested witt0.5pu ‘enzyme for
30 minutes (+) under standard conditions. Products were electrophoresed in 15%
polyacrylamide gels eontaining TBE plus SmM MgClp, at 4°C and the gels were stained

- with ethidium bromide. Included as markers are untreated immobile Holliday crossover
analog (tetrameric complex of oligos 1,2,3,4) and the noncomplementary
oligonucleotides 1 and 3 which migrate as monomer forms. Panel B: hypothetical -
structures are illustrated for the dimer and trimer complexes as well as the expected
clcaw;]gc dproducts for-éach. The proposed cleavage positions are noted by the

- arrowheads. ‘ . . S
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may be regarded as having one duplex branch ando two single-étranded branches, is

: shown in Figure IIL.S, as well. \

Chum_cmmmhnd.mgmm.bm&ndmnﬂka&l T7 endonuclcase Twas

utratcd using cruc1form-contammg plasmid DNA as the substrate (see Matenals and
Methods, this chapter).. The endonuclease actmty demonstrated towards this substratc
was comparable to that towards the prefcrred single- strandcd subS‘trates origipally
described by Sadowskl (197 1) Cleavage of-the substrate DNA was specific for the
cruciform structure (féc Chapter IT) and the resulting nicks were resealable with T4 DNA
hgase as indicated by the formation of covalently-closed DNA (dctermmed‘
fluorimetrically; Morgan et al., 1979) (not shown) ‘The enzyme preparatlon wgs thus |
rcgardcd. to be free of cxonuclcolync activity under the imposed assay conditions.
Cleavage of the mre‘c'diffemntvtypes of bra;lchcd DNA; structures by T7 endonuclease 1.

was observed with the same high level of activity..

.
—

The three duplcx DNA branch junctions crcatcd by the specific combmauon of various
ohgonucleotldcs (Fxg II.1) were cleaved by T7 endonuclease I at more than one site per -
molecule (Fxg. II1.4). Th/o ﬁxcd-crossovcr Holhday Juncuon analog was reduced to
products which were clcctrophorctxcally cqmvalent to ohgonucleoude dimers and which.
stamed mtcnsely thh cthldmm brormdc (Flg III. 4A) This observauon is con51stent
with the "rcsolutxon" of the struc‘ture by the pair-wise cleavage of oppogsmg- strands, ie.
cleavage across either axis of the crossover jun::tion, yié!ding two nicked, linear duplexes

half the size of the original molecule (sce also Fig. II.12A). Opposing strands in the

. fixed-crossover Holliday junction would be either oligos 1 and 3, or oligos 2 and 4 (Fig.

II.1A). The mobile-crossover Holliday junction was similarly cleaved to products’of
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dimer size (Fig.-III.4B). The Y-junction'_ prov;:d to be significantly less sensitive as a
substrate since greater amounts of enzyme were requiredo achieve significant cleavage in
-the allottcd.timc The products of this reaction included species };aaller in size than
ohgonucleotldc dimers. (onc and one-half the sxze of mdmddﬁl oltgonucjlcottdcs as
1llustratcd in Fig. IIL. SB) and thus the introduction of at lcast two mcks is indicated. For'
each of the described rcactlons, it is sufficient that onl‘y two nicks be placed nearthe
respective Juncnons to gencratc the obscrvcd products of cleavage by T7 cndonuclcasc L
/ﬁ

Lower order com“binatiprts ot' oﬁéonucleotides, that is, structures expected to” have
singlo-stranded branc‘hfs, are alse cleaved by T7 cndonuclcas'c‘ I. Figure IIL5
demonstrates the susceptibility of yarious dimet and trimer combinations. ;I‘hc reactions
described contain 150ng of each of the indicated oligonuclcotides and 0 5ul of anymé

_ Dimers composed of oligos 1 and 4 and that of ohgos 3 and 4 werc not cleaved in this
. expenment However othex"dlmers (3+12 and 4+12 Fig. I'II 5) werc clcarly ,
susceptible. In the latter examplc product§ rmgratcd between monomer and dimer
ohgonucleotldc combmatxons as if one of the two smglc stranded branchcs was cleaved
from these s_tructures. Far more susceptlble thah dxmer eomplcxcs were trtmer
oomplexes. Only ono gxammc is shown in figure IIL5A, but all rimer complexes were
-readily cleaved under identical conditions (see also Fig. ITI.11). Once again, the oroducts
of the reaction 'mi'grated .as moleculos with an estimated size of one and one-half
oligonuclcotidcs. A single rtick- on the cfully duplexed strjnd of trimer molecules (Fig,

- II1.5B), piaced‘ncar the branch point, would produce two pgrﬁd duplcxcs of this size.

’ _ .
These reactions wéke carried out using relatively high coficentrations of oligonucleotides -

in order to clearly visualize the products<of the individual reactions in ethidium stained

3
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gels. Ina typical‘ reaction containing 600ng of oligonucleotides (such as.in Fig. II1L4A),
and assuming that the oligonucleotides are completely cm}iplexed in the expectedd-lblliday
junction form, ito was estimated that one unit of enzyme would cleave 0.03nmole of

| junction in 10 minutgs, comparabte to its sctivity on plasmid DNA. In any one reaction, it
is likely that a significant concentration of lower order complexes containing
fron-duplexed strands, such as trimeric, dimeric and monomeric forms, each apparently
with its own characteristic sensit:ivit\y, was present. It was observed that with higher
concentrations of ohgonuclcotxdes, the enzyme exhibited less activity towards the'
fully-duplexed complexes, necessitating the use of larger amounts of enzyme Not
sm{risingly, when T7 endonuclease I was titrated against the cruciform-¢ ntammgj '
plaSrnid substrate pSAIB.S6A in the presence of increasing conce;u'ations ~oligo 3,
ehzymatio cleavage of the plasmid DNA gradually decreased (see Appendix“2). The
presence of the single-stranded oligonucleotide vtas inhibitory. The nature of the

‘ inhibition was not investigated further, altltough it has been shown (see Fig. II1.10) that.
‘individual oligonucleotides were not cleaved by T7 endonuclease I under ‘standard ’

reaction conditions.

‘Cleavage sites were mapped

on each comoonent digomteledtide present in the three different duplex-DNA branched-
forms of Figure IIL.1, as well as for selected lower-order branched formJ
Oltgonucleonde complexes were formed as described, wherem one of the component
oligonucleotides was 5' end-labelled. After treatment with T7 endonuclease I the
products of the reacnon 'were. run out on sequencmg ge& identify the size of the

| cleavage products and thus the posmon of the cleavagc site with respect to the 5" end of

the individual oligonucleotides. Deﬁmnon of the cleavage position at the nucleotide level
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was accomplished by comparing the mobilities of the product fragments to fragment .

ladders generated by §equenéc analysis and DNase [ digestions.

Oligo 3 is common to all three duplex DNA branch structures shown in Figure TL1. In
Figure IIL6, the cleavage produéts of oligo 3, as a component of the three primary
complexes, are shown. In panel A (Fig,. IIL.6), the vario.us prod’ucx fragments are
compared to a Maxam and Gilbert sequencing ladder. The largest and most predominant
product fragm;;xt resulting from the cleavage of the fixed-crossover Holliday junction
(Fig. IIL6A, lane 1) and the Y-junction (Fig. III.GA, lame 3) corresponded to clcavﬁge

after the twelfth nucleotide, a guanogj rcsidue, (counting from the 5' end) of oligo 3.

‘This was deduced by an adjust ne and one-half to two base positions in the,

sequencing ladder to compcnéatc ) truction of one base inherent ih{thc’ Maxam
and Gilbert chemical treatment z;nd extfa phosphate on the 3' end of the _laddc;,r
fragments which increases the relative mobility of the fragments. Lengths of the éligo 3
product fragments were verified by cbmparison to'a fragment ladder generated by DNase
I digestion as shownv in Figure II1.6B. Counjting down the ladder starting at 30
nuclebgidcs (the length of oiigo 3), thg majg' cieavage fragment for the fixed cros$over
;Iolliday analog (Fi'g. I11.6B, lanes 2 aﬁd 3) was determined to be twelve bases long. As
‘ dgxﬁon§uated in Figure IIL.6, there was no difference in the patterns of oligo 3 c;leavagc
generated by the digestion of gel-purified complex and the digéstionv of complex formed in
complete rr;ixturcs (Fig. IiI.6B, lanes 3 and 2, i'espc.ctivcly’). The primary cleayage site
- falls i)ctween the nucleotides G'and T in the sequence 5'-G’i' in oligo 3, one nucleotide
removed to the 5' side of the ci'oss:)ver,phosl;hodiest'er.; A secondary site was identified,

in the sequence 5'-AC, threé nucleetides to the 5' side of the crossover. The intervening

site (5'-CG) was poorly cleaved. Not surprisingly, oligo 3 was cleaved eit multiple
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I ':Figufc II.6. Cleavage of oligonu¢160tidc #3 in T7 cndonucléasc I‘ di‘géstéd.'branched
o % ructures. The three different branched structures of Figure IIL.1 were formed with

*_.marked (C, T) should be Caccording to the prescribed sequence. However, the -
- C-band was faint, making the assignment Suspect (see also Fig. IT1.8). Panel B:the . -

2p_labelled with 5' end-labelled oligonucleotide 3 in T7 endonuclease I buffer. "The

E compl,cxc,s:(con*poscd of approximately 10ng of each oligo) were digested with varying

amounts of ‘T7 endonuclease I under standard ¢onditons for 45 mimites and were

~electrophoresed in standard sequencing fels containing either 12%:(B) or 20%: (A)

. polyacrylamide. .. Panel A: the cleaygge products of oligo 3 present in - the

“fixed-crossover Holliday junction (1, digested with 0.1ul enzyme), the

" mobile-crossover Holliday junction (2, digested with 021 enzyme) and the Y-junction' . -

(3, digested with 0.2j11 enzyme) are compared to an oligo 3 sequencing ladder prepared

. by the method of Maxam .and Gilbert (1980). Labelled oligonucleotide 3 used jn this

" experiment was repurified from 20% denaturing polyacrylamide gels._ The nucleotide -

~ - cleavage productsvof oligo 3 forming part of the mobile-crossover Holliday junction ,

~(lane 1) or the fixed-crossover Holliday junction (1ane 2), treated as in panel A, are ¢

- compared to a fragment ladder of oligo'3 digested with DNase 1. In addition,

- gel-purified fixed-crossover Holliday junction, end-labelled on oligo 3 (see Materials -
~ and Methods, this chapter), was digested with T7 entonuclease I (lane 3). o

v
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‘positions in the mobile Crossover Holliday structure A marked.preferenc'e was shown.
for the same 5'-AC posmon 10 nucleondes from the 5" end of ‘the moleculle and also the
5.AC p posmon 8 nucleotldes from the 5' end of ohgo 3. In all, etght cleavage positions |
were identified, extendmg thre ughout the regmn of dyad symmetry, with the notable 1
excepuon of the 5-CG phosphodlester at posmon 11. This range of cutting was expected
given the unrestncted branch mtgratlon in thxs molecule and enzyme cleavage in the

: wcmlty of the crossover. o

In these reactxons, and others to be descnbed latd:' the enzyme was t1trated to effect near

: complete drgesuon of the duplex DNA branched complexes As estlmated fromkthe gels

: shown in. Frgm'e IEL6, less than. 50% of ohgo 3 was cleaved in these reactlons For the
'Holhday structure analogs, 50% rmght well represent the maxrmum achxevable dlgestlon
of ohgo 3 sxncedt would be fragmented only when the appropnate axts was cleaved. -

- Moreover, a certam proportlon of ohgo 3 was assumed to.¢ ex15t m complexes that were

. much less sensitive.to cleavage by the. ehzyme (see later)

A

/ . >3
B 9 ) )
The cleavage sites inall component ohgonucleoudes for the three pnmary structures can

be discerned from the data p&ented,m Flgure 1.7 In the ﬁxed crossover Holhday -
' Junctron, the prunary cleavage posmon 1n all the consutuent ohgos was after the twelfth .

nucleottde (from t{te 5 end) The same waSvtrue for the Y-Juncnon, where the vanous ,

product fragments 2

) Pt x.uf»
»\D_ue to' seque ‘-esdlfferences, ohgpnucleottde fragments of the same: length do not

er
o

be comypared 10 them”aractensuc fragments generated from oltgo 3.

necessa(r)'tly co-nugrate The ohgo 4 fragment which was twelve nucleot1des long,'
" mi grated slower than fragments of the same size generated by the cleavage of ohgos 3.and
| 12 A broad cleavage pattem was dxsplayed for all four ohgonueleoudes wh1ch composed

[



~ Figure ITL7.  T7 endonuclease I cleavgge positions on all component oligonucleotides
of the -?{anched DNA structures. The three duplex DNA structures described ‘in
Figure II1.1-were formed in T7.endonuclease I buffer, singly labelled at the 5' end of.
eagh component oligonucieotide, and-digested with T7 endonuclease I under standard
_conditions for 45 minutes. The amount of enzyme used to digest each complex was as
ndicated for Figure 1I1.6. The products of each reaction were electrophoresed in
andard 12% polyacrylamide sequencing gels as described. The numerals in the lane
cadings designate the labelled oligonucleotide, in each case. The arrows designate
fragments that 4re 12 nucleotides long, as determined separately for each
.- oligonucleotide. @~ : B . o '
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8
the moblle crossdver Holllday Junctlon and the cleavage posmons are clearly related to
the regron of dyad symmetry in the molecule and by mference, the crossover posmon
The cleavage patterns for olrgonucleotldes 3 and 6 are srmrlar, as are those for l'
ohgonucleoudes 5 and 7. These COmpansons are most clearly made in Frgure 1.8,
Wh1ch shows the cleavage proﬁles of ohgonucleotxdes of 95% purxty in polyacrylamrde
' gels w1th greater resolvmg power. The two pairs of oligonucleotides lie across, and thus
| represent, the two axes of the crossover _]unctlon in this Holhday structure. Resolunon of
the Holllday structure would requrre the placement of symmetrically dlsposed cuts on
opposing strands, within or near the llrmts of dyad symmetry, and this action would be
expected to generate similar clpavage patterns for the diagonally _oppo_sed pairs of -
oligonucle_otides. The comparisons shown in Figure II1.8 emphasize ‘that‘ thls was, in .
| fact; observed. Interestingly, there was a reproducible and significant differencein the

manner in which the sequence 5'-TGC was cleaved in oligos 7 and S. Included'in Figure

- III 8is one-half of each sequencmg ladder to assist in the ahgnment of c¢leavage sites with

. the nucleotlde sequence Both axes of the-mobile- -Crossover and the fixed-crossover

1 Holhday Juncnon were cleaved wrth equal efﬁcrency smce, for each Junctron, all four

olrgonucleondes appear to be cleaved equally, or very nearly so. Note, as well that at the o

posmon of the presumed base mismatch in the branch formed by ohgo 5 and oli go 3 there

‘was no cleavage of either ohgonucleonde (at asterisk in Fig. L 8)

The relationship between the cleavage pattern ef each constituent ollgonucleotide in the -
- rnoblle-crossover Juncnon and the nucleonde sequence is démonstrated in Figure. 119,
- which highlights the observanon that certam nucleotrde posmons wrthm or adJacent to,
| the reglon of dyad symrnetry, were preferennally cleaved _For instance, T7 endonuclease

1 has a certam propensrty to cleave the sequence 5' -AC and toa lesser éXtent 5’-GC



Figure I1L8. T7 endonuclease I cleavage patterns in oligonjcleotides composing the
mobile-crossover Holliday junction., The mobile-crossover Holliday junction .(Fig.
" III.1C) was formed, labelled and diyested as described in Figure IIL7. All four
labelled oligopucleotides had been repukjfied from, 20% denaturing polyacrylamjisl
prior to these experiments. The cl¢pvage pattern for each labelled conigip
oligonucleotide (as part of the Holliday structure) is shown after electrophoresis in
~ standard 20% polyacrylamide sequencing gels. Panel A: oligos 6 and 3 constitute a
pair of opposing strands of the Holliday structure falling on one cleavage axis of the
* crossover. Their product fragments are compared to partial sequencing ladders of each
* to assist in the alignment of the cleavage positions to the sequence in and surrounding
.the region of dyad symmetry. Panel B: cleavage patterns for oligos 5 and 1, which

constitute. the’second cleavage axis, are compared. The sequences shared by the pairs ~

of oligonucleotides are shown next to the sequence ladders and those portions of the

sequences which are unique to each strand are included in parentheses. The asterisk-
' xlnf.rlks the position in oligonucleotide 5 of the misincorporated nucleotide (see Fig.
CTILY). ~ : , : -
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Oligo #5

v #

Figure-II1.9. Sequence specific cleavage of semi-mobile Holliday crossovers. The
relative cleavage efficiency at positions within the four oligonucleotides that make up the
mobile-crossover Holliday junction are indicated by the filled circles (based on results
described in Figures 1.7 and II1.8). The sequences shown include the region of dyad
symmetry (contained within the boxed area) and the immediately flanking sequences. No
cleavage positions were ever identified beyond the sequences shown. .

Cleaved poquy are the sequences 5'-CG and 5'-CA. This obsefvétion is in agrec;ne'nt
with S.adowski's original report (1971) tﬁat the enzyme primarily leaves pyrimidines at -
the h) endS of cleaved DNA strz;nds. Moreover, the pattern of prefere;xcc_is very
rcnliniSCe:nt of the sequence .preferencevexh'ibited by T4 endonuclease VII (I;/[izuuchi et al,

1982; see D'isq:ussi'o,n, this chapter). This helps to expiain, the appearance of a secoﬁg site

e



147

of cleavage for oligo 3 in fixed-junction Holliday molecules (Fig. III.6). The sccondm%r
clcavage position_ is the highly preferred 5'-AC site identified in the mobile-crossover )
Holliday junction.” The disposition of the cleavage site with respect to the crossover
posmon is substantiated by the data presented in thure II1.9. In general, the sites of }(
cleavage are restngted to a region which is offset one nucleotlde to the 5' side of the |
regions of dyad symmet,ry, consistent with the predomlnant cleavage posmon being one -
nucleonde removed from the crossover on the 5' side.
s _ g 4
Cleavage snes ‘were also mapped on selected lower order complexes that were readlly A
'cleaved Shown in. Fxgure I1.1C" are fthe reaction products of digested complexes :
composed of all p0351ble ohgonucleotlde comblnatlons related to the fixed Juncuon
Hollxday structure and specifically contmmng oligo 4 as the labelled strand. Oligo'4 was
not- apprecxably cleaved when it was present alone or in combination with any. other
vl smgle ohgonucleonde However, it was cleaved in a trimeric combination with oli gos 1
: V\ and 3 (Fig. II.10). The cleavage pattem was 1dent1cal to that obtamed when oligo 4 was
| part of the tetrameric Holliday structure. No other component olxgon‘ucleotxde of the

ﬁxed-crossover Holliday Junctton was wsxbly cleaved, md1v1duallv or in a dimeric

complex under the same reaction conditions (not shown). Included in thure 1L 10 .

‘(nght'-hand most lane) are the product fragments of oligo 4. producedvfrom the ¢cleavage
of the fixed-crossover Holliday junction w1th five times the usual amount of enzyme.
‘. Even thh thls excess amount of enzyme, cleavage is predominantly hrmted to the 5' side
of the crossover. A significant amount of fragments 13 and 11 nucleoudes long were
generated in these reactions. Analysis of the seouence shows that these preferred cleaved

sequences are 5'-AC and 5"-GC sites, respectively.



Figure II1.10. T7 endonuclease I cleavage of oligonucleotides in lower-order
complexes, All possible oligonucleotide combinations, labelled at the 5' end of oligo
‘4, were formed in T7 endonuclease I buffer and digested with 0.2ul of T7
endonuclease I (except 1.0pl enzyme in lane 4,1,2,3*) under standard conditions for 45
minutes. Products were electrophoresed in a standard 12% polyacrylamide sequencing

-gel. Lane headings designate the' combined oligotucleotides, for each reaction. A
mixture of all four oligonucleotides forms the fixed-crossover Holliday junction (Figure
III.1A) and lesser combinations would be.expected to form structures that have
single-stranded branches (refer to Fig IL.5B). The arrowhead identifies the position of
fragments 12 residuesdong. - , :
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The clcavagc of various tnmenc combmauons was revealing. Oligo 1 behaved the same
as olngo 4 (Flg III 11, lane 1. 2, 4), in that only when it consntuted th fully duplexed
partner of a trimeric complex was it cleaved. lego 3 was cleaved when it was the
fully-duplexed partner (Fig. III 11, lane 3,2,4) and, to a lesser but significant extent, it,
was cleaved when in association with oligos 1 and 2. In the latter example, the cleavage
site was assxgncd to the §° po@n (one nucleoude away from the crossover) in the
" duplex arm of the complgx Txtranon of thc enzymc to lowcr concenn'anons prevcnted the
‘ cutting observed when oligo 3 was in combination with oligos 1 #nd 2 while, at the same
time, it wﬁs still cleaved when cbmbined with oligos 2 and 4 (not shown). Generally, 1[ ~
was observcd that pamally -duplexed: ohgonucleondes (hkc oligo 3 in assoc1anon with
ohgos 1 and 2) were weakly cleaved and only at the 5' site (one nubleonde removcd from
the branch pomt) presentyn the duplex arm of the molecule (obscrvcd in F1g I.11, lanes
4,2,3and 1, 3, 4 as very weak reactions). At the levels of enzymc used, e%e( ge in

in these

s1nglc-stranded regions was never observed. Oligo 2 was mefficu:mly Cleav:

rcacuons possibly because it has substantial sclf'aoomplementanty and could sclf-ﬁnneal 2

in Endo I buffer (not shown).

°

D. Discussion

Tsujimoto and Ogawa {4R78) have proposed that T7 e'xll_donuélea.;c:“fm‘ cti ';



Figure IL.11. T7 endonuclease I cleavage positions in trimer complexes. All possible
trimer complexes (stylized structures are shown in Figures I11.5B and III.12€) formed
from three of the four oligonucleotides that compose the fixed-crossover Holliday
junction (Figure IT1.1A) were digested with 0.1yl of T7 endonuclease I under standard
reaction conditions for 45 minutes. The products were electrophoresed in standar

12% polyacrylamide sequencing gels. The combined oligonucleotides are included ig\
the lane headings with the one labelled oligonucleotide in each complex underlined. .
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zoifeytly in their sensitivity.

‘The best substrates described in this paper were the tnm -" h

\

' duplex arms and two smgle-stranded arms and the tetram

' Junctron Less efficiently cleaved were the tetramerrc mobtle-crossover Holhday }unctron,

the. fully duplexed.gfhree way Juncuon (Y-Junctlon), and t"mally the vanous dxmer ‘

complexes which may be regarded to have one duplex arm and two smgle stranded arms
In light of the failure to degrade 1nd1v1dua1 ohgonucleondes and to further degrade the
- duplex products of the Holhday structure resolutron reactron (Fig. III 4) non- branched
e

oues This observatmn also conﬁrms the absence of exonuclease act1v1ty in the enzyme

4
¢« A

" preparation.

A specificity for branched DNA substrattt:s is Substantiated by the remarkable cleavage site

spemficrty drsplayed by the enzyme For each DNA branched structure tested thé

evidence strongly 1nd1cated that the pnncrple cleavage s;te was in duplex reglons one

nucleotlde removed to the 5 srde of the branch pomt Ftve unique ohgonucleotrdes L

" 'composing two structurally distinct ﬁxed-Juncuon complexes were cleaved wrth th

Q

"-spec1fi01ty Clea,,vage.further from the 5' srde of the - Ju-ngtlon was observed but

i consrstently at much reduced 1eve.ls The enzyme exhrblted a moderate degree of

. sequence specrﬁclty, hke T4 endonuclease vil (Kemper et al 1985) Sequence L
spemficrty was 1dent1ﬁed frorn the cleavage pattems of olrgonucleotldes composmg the:
‘ moblle-Juncnon Holhday complex It was assumed that the crossover in these molecules-

~ /had an equal or near—equal probabrhty of exlstmg at any phosphodrester within the ‘

P

E reglon of dyad symmetry The prese%ce of a preferred eleavage sequence one ortwo .~

.nucleondes further removed from a ﬁxed Juncuon promoted cleavage at these addmonal o

e SRS A R

o

exes which possess two

¢ fixed-crossover Holliday ~

forrns, be they duplex or smgle-stranded do not serve as substrates or are relanvely poor a
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| posrttons However cleavage at these sites was always les‘sfefﬁcxent than cleavage at'the

~ site one nucleoude removed from the §' srde of the crossover even when the latter site .
possessed a non-preferred sequence as defined in ﬂus paper Oligo 3, for example, was -
predommantly cleaved at the 5'-GT posmon one nucleoude away from ‘the branch potnt
desplte the presence of the much preferred 5'-AC sequence three nucleottdes away (F1g
1. 6} The sequence 5' CAis very poorly cleaved in mo'brle-crossover Holliday.
Juncttons (see Flg III 9), yet ohgo 4 of the fixed-crossover Holhday Junct:ton was readily

| § cleaved at this sequence whlch consututed the 5' posmon one nucleoude removed from |
~ the crossover (Fig. I11.7).. Thus, su'uctural specrﬁcxty appeared dommant over sequence

' specxfrcrty, at least w1th thts subsu'ate The site- specrﬁcrty of cleavage by T7

| endonuclease I seems more precrse than that observed w1th T4 endonuclease VII Wthh‘

cleaves from l1to5 bases away from the crossover (Kemper et aI 1985; Jensch and

. Kemper, 1986) There was even more vanabthty in the cleavage of Y-Juncnons with the-

| T4 enzyme, but it 1s not clear that the Juncttons tested were stnctly 1mmob11e (Jensch and
Kem;e?, 1986) The reSults w1th T7 endonuclease I are con51stent w1th the pubhshed

cleayage positions mapped at crumform crossover Juncttons : Numerous reports have.
mdxcated that T7 endonuc_,ease I cleaved one to twmleoudes to the 5" srde of the 3

o crucrform crossover (ly‘anayotatos and Wells, 1981 de Massy et al 1985 Hamford and

Pulleyblank 1985 Naylor et al 1986). Devrauon from this specrﬁctty, parucularly wrth

substrates able to branch mlgrate, may arise due to due the sequence spec1ﬁc1ty of the

.':venzyme (de Massy et al 1987) Sequence preferences may also account for the

- e

dtfferenual cleavage of d1mer1c complexes E

1

_ : Wlule the suscepnbtlty of other non-B DNA structures was not specrﬁcally aSsessed it

- was perhaps fortu1tous that an unexpected sequence error m ohgo 5 generated a base v
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s mtsmatch outside the regton of dyad symmetry in the branch -migrating Holliday »
sn'ucture Thrs\served as an mtemal control and demonstrated gtven the absence ot"
cleavage at this position, that rmsmatched basepatrs -or extrahehcal bases (Evans and
Morgan, 1982) were not targets for enzyme acuon, at least at the levels of enzyme used. .
The redundancy of the data, glven ‘the vari’bus classes of structure studtcd and the -
- precxsxon of the cleavage with respect 0 the crossover posmon, argue strongly agamst the
‘ 3'1nvolvement of DNA structural elements other than a branch pomt, as already su ggested -
,m the detemnnanon of observed cleavage posmons All secondary cleavage posmons ‘
(those further than one nucleottde from the crossover), <an be ascribed to preferred
_sequences present at these locauons Although sequence dxctated a modest degree ot‘ L
. »

freedom in the: selectton of cleavage positions, cleavage was mvanably related to the

position of the crossover. - . ey

: .’I‘cl'endonuclease VI also exhibi,ts,sequence specificity (Kemper et al., 1985). Like 'I‘7 g
' endonuclease“l it. efﬁciently CIQaved the bases 5'-AC but failed to cut betvveen ‘5"-@1\
L1kew1$e, 5- CG was poorly cleaved though 5.GC was cleaved well The mmxlarmes
betweer the two enzymes are stnkmg and extend beyond thls limited companson The

pattem of cleavage observed here for 7 endonuclease Iis also consistent thh the

original observatlon by. Sadowskl (1971) that cleavage with T7 endonuelease l_""

- 'preferennally left pymmdmes at the 5 ends of the.cut DNA. In the case of the cleavageif";

' : of dlmer complexes, the vanable sensmvxty of chosen dtmer molecul’es (th [H 5) may, S

o because T4 endonuclease VII cléaved i 1

in fact, be related to this sequence preferenom thw et al (1985) have proposed that“_. . '_

'ear”double stranded DNA reglons w1th the

3
.s,

. same sequence spec1ﬁc1ty as its actxvuy on Holhday structures, cleavage Schlficd by the;,__

presence of the croSsover must occur in duplex reglohs as well. The same conclpswn has""‘ f2

&
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i

'been denved from this work with T7 endonuclease I except w1th a different expertmental

approach namely the dtfferentlal cleavage of component ohgonucleoudes in tnmer,

' ,s1ngle-stranded branches, the sensmve 5' cleavage site appears to fall exclusxvely in the.

“duplex branches of these complexes No ‘evidence was found for cleavage in

2
- ¥

. stngle-stranded regions.

The results presented can be. reconcrled w1th pubhshed accounts of the smgle-strand

spectftc endonuglease activny of T7 endonuclease L Titration of the enzyme with

'cructft;nn-cont by ) g plasrmd DNA as the substrate strongly suggested that branched,

’ double stranQed DNA is as efﬁcrent a substrate as is single- stranded fd phage DNA
' (Sadowslu 1971) Early reports (Center and Rlchardson, 1970) had indicated that

\ doublewstranded substrates were 100 to 200 umes less efﬁcrently cleaved It is reasonable

_ .to assume that because of the comparably hrgh actM’ty levels demonstrated towards

. srngle-stranded substrates onglnally tested contamed sufﬁment secondary structure tg— &

duplex {lbranch DNA substrates that the fd DNA substrates, as well as- the other

I , provxde necogmzab’le Juncttons upon Wthh the enzyme was acung A similar explananon

- W§§ proposed by de’ Massy et al (1987)

7

E 4

N ! 156

v complexes. While the enzyme appears to be able to cleave gt junctions w1th

.uil":;:‘

Analyses of the cleavage of the two Holhday structure analogs 1ndxcate no obv1ous ‘.

\nv

' preference in the ehorce of cleavage axis by 'I‘7 endonuclease L Potentlally some. bias

the rnobtlrty of .the Junctron nor- the extent of dy '

could °have been demonstrated' cons1denng the modest sequerice: specrficrty of the :

l;? -
enzyme.‘ Revrewmg the 5 srtes surroundmg the Jll ction in the 1mmob11e Holhday

' structure thete was no reason to predlct a. preference br one axis over the other Nexther .

try has 1nﬂuenced the chosenf‘ .

et ;
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. s
~ axis of cleavage.

. o

: Recogntlon, bv resolvmg enzymes, of crossed or uncrossed strands in’ Holllday\ '
structures (Fxg I1.12B) has generally been mvoked to explain the selectron of a pa1r of :
- strands which, when cleaved, would effect resoluuon (Slgal and’ Albens, 1972 Meselson
and Raddmg, 1975 Kemper et al., 1985). In essence, the resolvmg enzyme would have
o recogmze a global feature of the four-way Junctton However ‘it has already been -
: .recbgmzed that thxs structural element is nonexlstent m Y-Junctlons (de Massy etal.,
'1987) and:it does not eilst in the trimeric’ complexes studied here Therefore, based on -
| the substrate proﬁles developed in th1s study, 1t is proposed that T7 endonuclease -
| recogmzes, as the basic elements of a branch Junctxon, a drstoruon in the contmuous
phosphodlester backbone of a DNA strand bndgmg t'wo branches and mtmmally, one
duplex DNA branch in wmch must lie the 5' end of the bndgmg DNA strand (smce the
' 'cleaved bond l1es in duplex regxon on the 5' s1de of the Junctlon) A bridging strand
bordered by two duplex branches typlﬁed by a tnmenc complex (F1g III 12C), makes 2
' "much better substrate Holllday structures hke the tetramenc complexes StUdlCd when
represented ina srmple form (Frg IL12A), can be seen to have four equwalent (ignoring
. sequence) and mdependently access1ble srtes of cleavage whlch fit the hypothettcal
‘ bmd@g s1te requlrements modelled upon the trimer complex in Flgure 1. 12C A planar. "
or perhaps a tetrahedrally arranged Holhday structure (Meselson and Raddmg, 1975;
Gough and Ltlley, 1985 Robmson and Seeman, 1987) would 1deally suit this, model |

L s

| , because of the presence of four pseudo-equtvalent domams meeting the proposed cntena '

-;..’I’he effectxve resolunon of Holhday structures to mcked-duplex daughter molecules

A

1mp11es the: placement of comctdental mcks on two opposmg strands of the crossOver

,Dn:" .
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& Figure IIL.12. . Disposition of T7 endeauclease I cleavage sites in branched DNA-

'molecules. “The Holliday structure (Panels A and-B) and the structure of a, trimer

“gomplex (Panel C)“are shown in stylized form. ‘Diagrams A and:B_differ only in
perspective, were the branches of the Holliday structure to adops 4 tetrahedral type of
arrangement, T ,e*nggfcleava;ge axes are denoted by the pairs of filled and open arrows. -
In A, the equivaledte of the four clegvage positions. is emphasized. In B, with the

_ concept .of crossed and uncross¢igstrands imposed, the alignment of pdirs of sites is -
emphasized and, therefore, two ndffé@quivalent enzymt® binding domains are described.
In C, the effective reduction. of ¥hre trimer complex to a non-branched form can be &
accomplished'by one nick and this biteis shown: The use of.curved and straight strandsg

is solely to assist in,the differentiatiop of the strands; .. N o
LT B ‘w‘ :P\~ R S ORI Gt
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Juncnon The mvolvement of a homodxmenc resolvmg enzyme is a reasonable proposal
(Kemper et al., 1985) but the fidelity of resolutlon could be equally well ensured by the
negative cooperative mteracuon of bmdmg site exclusion. The bmdxng of a catalytic
moxety to one cleavage posmon of a planar Hollxday structure, £or exumple, along a |
: chosen@gs of the junction (at an open or filled arrow in Figure II1.12A), probably |
involves: contacts thh the twa baxdermg duplex branches (in order to recognize the
bridging strand), as prev1ously argued “This probably would exclude binding at the two
neighboring snes, Wthh together define the opp051te cleavage axis. Consequently, the
only remaining site ﬂanked by unbound duplex DNA would be on the opposing strand |
. along the same axis. "A coinc1dental rick here by.a second catalyttc unit would effect
resolutlon . Two observanons are consxstent with an altemanve hypothe51s that the
enzyme-medxated resolunon of synthetic Holhday structures may occur thhout a
cooperative interaction between enzyme molecules aside from the praposed binding site
exclusion, First, it is clear from the cleavage of t‘ritner complexes (at Erossovers between ‘
nexghbonng duplex DNA: branches, see Flg 1L 12C) that smgle, specxﬁc cuts can be -
made by the enzyme Cleavage, in this case, was no less efﬁc1ent athan it was for the
syntheuc Holhday junctions which mlght have otherwise beneﬁted, in kmetlc terms, from
the codperative interaction of two DNA- bound catalytic uhits Second is the observation
qf dlfferences 1n the cleavage patterns observed on oppos1te strands of the
moblle-crossover Holhday Junctlon (Fig.’' 1.8 and III 9). . For, 1nstance, ‘the sequence
5-TGCi is cleaved with a different specxﬁcuy in oligo 7 than is the same sequence in oligo
5. The context of the sequences, ‘particularly the reglon 5'to it which is umque for each
strand, may have mﬂuenced the spec1ﬁ01ty by altering the binding of the enzyme This
- suggests some mdependence in the bmdmg and cleavage on opposmg strands durmg.

& __resolutmn,_le.'- the%e__ls fieedom for‘the two sunultaneously-acnng,enzyme molecules to
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individually position themselves at the branch junction.

' Altcrnatxvely, while positive cooperativity.- may not be a sxgmﬁcant factor in the binding of
the enzyrnc, it may be 1mportant in the attainment of an actwated complex with thc
tetramcnc complexcs since these structures will have limited conformanonal freedom at

;' the crossover conipared to trimeric complexes. Sucha cooperanve interaction would be

impossible during the cleavage of Y-Juncnons, and since the conformanonal ﬂexlblhty of
these junctions may be severely restricted as welt, it may not be surprising that these are

| smuch less efﬁciently cleaved by T7 endonuclease I. e



. *161
Bibliograﬁphy ,

Center, M ‘and Rnchardson, C. (1970). J Biol. Chem. 245 6285 6291.

Centcr M Stud%er, F. W. and Rxchardsoh C. (1970). Proc. Nat. Acad Sci. USA.
65, 242 249.;

DeLange, A. M. and McFaddcn,G (1987) J. Virol. 61, 1957-1963.

DelLange, A. M,, Reddy, M., Scraba, D Upton C. and McFadden, G. (1986). J.
V:rol 59,.249 259.

" de Massy, B Studlier, F. W., Dorgai, L., Appelbaum E. and Weisberg, R. A (1985) -
Cold Sprlng H&rbor Symp Quant. Biol. 49 715-726.

.de Massy, B Wexsberg,R A. and Studmer,F W. (1987) J. Mol Bial. 193 359 376.
Dressler, D. and Potter, H. (1982). Ann. Rev. Blachem 51, 727- 762 |

Evans, D. H. and Kolodner, R. (1986) J. Cell Bzochem Suppl. 10B 213,
Evans,D H. and Morgan, A R. (1982). J. Mol. Biol. 160 117-122.

Gellett, M., Mizuuchi, K., O'Dea, M. H., Ohmori, H. and Tomizawa, J. (1979) Cold .
Spring Harbor Symp. Quant Biol. 43 35-40.

Gough, G. W. and Lilley, D. M. (1985) Nature 313 154- 156

Greaves,4D R., Patient, R. K and Lilley, D M J. (1985). J. Mol. Bzol 185
461-478. _

Haniford, D. B. and Pulleyblank, D. E. (1985). Nucl. Acids Res. 13, 4343-4363.
Holliday, R. (1964). Genet. Res. 5, 282-304, ‘
‘;Holhday, R. (1974). Genetics 78, 273-287.

Hsu, P. L. and Landy, A. (1984) Nature 311, 721-726

Jensch, F. and Kemper, B. (1986). EMBO J. 5, 181-189.

'Kallcnbach N. R., Ma, R.-I, Wand, A. J., Veéneman, G. H., van Boom, J. H. and
“Seeman, N. C. (1983) J. Bzomol Struct Dynamics 1, 159 168.

'Kemper, B, Jensch F., v. DcpkaProndzynskx, M., Fritz, H. J -Borgmeyer, U and
MlleuChl,K (1985) Cold Spring Harbor Symp Quant Bzol 49, 815-825.

Kemper, B, and Garabett,M (1981) ’éur J. Biochem. 115 123,—131



16;
Kerr, C. and Sadowski, P. D (1975) Vzrology 65, 281- 285
Kikuchi, A. and Nash H. A. (1979) ‘Proc. Nat. Acad. Sci. USA 76, 3760-3764.
Lee, D. and Sadowskx,P (1981). J. Virol. 40, 839-847. |

Lxllcy,D M J. and Kcmper,B (1984) Cell 36, 413-422

Maniatis, T., Fmsch E.F. and Sambrook, J. (1982) Molecular Clonmg A I.aboratory
Manual Cold Spring Harbor Labomtory, New Yorlc

Maxam, A. M andGllbcrt W, (1980) Methods Enzymol. 65, 499- 560

Mcsclson, M S. and Radding, C. M. (1975). Proc. Nat Acad. Sci. US.A. 72,
358 361

_ Mizuuchi, K., Kemper, B,, Hays,l and Weisberg, R. A. (1982) Cell 29, 357 365.

Morgan, A. R, Lee, J..S., Pulleyblank D.E;, Murray, N. L. and Evans, D. H. (1979)
Nucl. Aczds Res. 7 547 569. ) ,

Nay lor, L. H., Lilley, D M. J. “and van de Sande, J. H. (1986) EMBO J. §,
2407 2413

| Panayotatos, N. and Wells R. D. (1981). Narure 289, 466-470.
Powling, A. and KnlpPem, R. (1'974). A"Iol.,_Gen. Genet. 134, 173-1807 :
_Robinson, B. H. and Seeman; N. (1987). Biophys. J. 51, 611-626.

~ Sadowski, P. (1971). J. Biol Chem. 246, 209-216. |

ngal N. and Alberts, B. (1972). J. Mol. Biol. 71, 789-793.

' Symmgton, L. S. and Kolodner, R. (1985) Proc Nat. Acad. Sci. U. SA 82
7247-7251

Tsujimoto, Y. and Ogawa, H. (1978). J. Mol. Biol. 125 255-273.
‘West, S. C. and Korner, A (1985) Proc. Nat. Acad Sci. U. S A. 82, 6445 -6449,



163’

IV. CONFORMATIONAL ISOMERIZATION OF THE HOLLIDAY
JUNCTION ASSOCIATED WITH A CRUCIFORM DURING BRANCH
MIGRATION IN SUPERCOILED PLASMID DNA ! -

A. Introduction

v

* Interpretive analyses of the molecular mechanisms of genetic recombination rely on.the

premises originally stated in the Holliday model (Holliday, 1964; Holliday,' 1968;

Btooker & Lehman, 1971; Sigal & Alberts, 1972;. Holliday, 1974; Meselson & Radding,
1_975; Dressler and Potter, 1982; Szostak et al., 1983; Hsu & Landy, 1984; Robinson & .

Seeman, 1987). Central to this model is the definition of a Holliday structure as ;he

R

branched DNA complex formed by the -exchange of single strands between two )

homologous duplexes (Holliday, 1964 and 1968). Several refinements have since been
. ihcorpoi'ated into the model describing more rigorously the possible orientations of the
branches about the junction and their functional iSomerization (Sigal & Alberts, 1972;

~ Sobell; 1974 Meselson & Raddmg, 1975 Robmson & Seeman, 1987). Basxcally, three

conformauons for Holliday junctions have been proposed In one version, postulated by

Sigal and Alberts (1972), the branches dre base-stacked and co-planar such that the.two.

recombining molecules have unpertﬁrbed helix axes (rc,ferred to as the UHA structure by

Robmson & Seeman (1987)). Another representatxon v1ews it as a planar structurc, but

not base-stacked, with the branches at nght angles to each other ych that the structure
. possesses pseudo-four-fold symmetry (Sobell, 1974). Lastly, an mtermedxatc
1. A version of this chapter has been submltted for pubhcauon

Dickie, P., Morgan, .R-and McFadden, G 1987." J. Mol
Biol. =
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conformation wherein the branches of the junctionare arranged in a tetmhedral fashion,

. has been postulatcd (Qough and Lilley, 1985) 'l"he only physical evidence purgortmg to .

dlscnrmnatc bctwccn the various forms has come from electron microscopy (Dxesslcr & \ "

Ppttcr, 1982) and the elcctrophorctlc bchskur of Holliday-like structures (Gough &
Lil'ley, 1985). Giycn the likcly'conformativons of the junction, descriptions of the
mechanics and dynamics of branch point migration have also been provided (M?selson,
1972; Wamner et al.,,_1.978; Thompson,.et al., 1986; Robinson & Seeman, 1987). - |
With respect to the structural dynamics of Holliday junctions; actual experimentdl
evidence is scarce, though there have b;:en studies on the kinetics of braﬁch point
nﬁgration in topologically l;nconstrainqd branched structures (Warner et ‘al., 1978;
Thompson et al., 198 ).{Thc proécss of branch migration is biologically significant in that
it determines the extent of heterologous DNA formed during recombination, whereas an
isomerization 6f Holliday juncﬁons is postulatcd to determine thé incidence of genetic
"crossing-over” during recombination (Meselson & Radciing, 1975; Szostak et al., 1983).
Mcchamsucally, both these processes mvolue thc twisting or rotation of the helical DNA
branches at the junction, thus both should’be mﬂucnced by thc t0polog1cal nature of the
DNA substrate. Branch migration can be driven.by topological stram (supcrcmhng) ina
DNA molecule (Mizuuchi e al., 1982b), but the coincidental impact of superhclisal stfain

on junction, conformation and isomerization has not been investigated, largely because of

the unavaxlabxhty of a suitable experimental system ercular bacterial plasmids bearin g

large palindromic sequences that can be cxtruded into stable crumforms are substrates in
whlch branch mlgranorf’ can occur in response to torsxonal strain in the circular plasmid

(szuuchl et al., 1982b). The plasmid pSAIB:56A (Fig. IV.1) bears the telomeric

. sequences of Shope fibroma virus as a 322 base-pair imperfect inverted repeat (DeLange "
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" Fij gure IV‘l “The effect of cruciformation on the topology of plasmid pSAIB.56A. Panel
A and B thé lineform representation of the inyerted repeat insert of Shope fibroma virus

tclomere St\,qucnccs is shown’ (by arro

o a‘c glven

_illusttated, wkfere -3 dnd b’ denote the two axes of the'crossover junction.

Vektor sequences are shaded and all distances

5).
in basepau's Panel C; themrucxform configuration of the same sequences is .

panels B

" andDr ‘s¢hematig representations illustrating the topology of the plasmid whe bcarm g
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g euhertconﬁgul‘auon of the'¢loned sequences. H: HindlIl ; E: EcoRI.

:':« et &L, 1986) Crucxfoxm cxtruszon from the axis of the inverted repeat (Fig. IV. 1C and

' D) has bcen shown to topologxcally relax the plasmld (Chapter 1I) and, in fact, the

plasrmd 1solated from \bactcna is in the extruded cruciform, topologlcally rclaxcd

conformanon Consequently, branch rmgrauon of the cruciform crossover should occur

“in thcsc molcculcs within the ‘limits imposed by the supcrhcllcal cncrgy in the

R topologlcally-closed circular core of the plasrmd

k]
4
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. dernonétrated an in vztro spec1ﬁ01ty that makes them potenually useful as tructural probes; :
N fdr branched‘DNA Juncnons In fact several r‘pons have mcludéd 1nferences about the ,
L conformauon of Holhday structures based on the acuvrty of the T4 and T7 enzymes

fi(Kemper et al 1984 de Massy] etal, 1987 ChapterIII) L \

o

Bacterrophage 'I‘7 endonuclease I has & broad specrficrty for branched DNA structures :
,ells, 1981 de Massy et al., 1985 and 1987; Chapter 111) It is .

N Q(P;anayotatos
srte-specrﬁc, cleavmg predormnantly one nucleoude to the 5' s1de of the crossover and
shows a modest degree of preference for certam DNA sequences The sﬁe—preference\has :
: ‘: been deﬁned for freely-branched Holhday s!ructures, butit is s1m1lar for ﬁxed crucrfo\'m :
Juncuons wh1ch are structurally equrvalent to Holhday crossovers When endonuclease I:f ” |
g -"was used to dxgest the plasmld pSAlB ‘56A a hnear plas"rmd moiecule wrth ha1rp1n
| tenmm was produced (Erg Iv. 2A) The termrm produeed are equlvalent to the telomere
e ha1rp1ns in the nauve vu'us (De Lange et al., 1986) Numerous cruc1form crossover _
posmons in the plasxmd pSAIB 56A were 1dent1ﬁed usmg T7 endonuclease I as a probe
ﬂ” (Chapter H)\ These sxtes cor:responded to cleavage across one chosen axrs of the Juncnon; ‘_ 5_

R

'(axxs a' as represented in Frg IV IC), as mapped from restnctmn s1tes ﬂankmg elther “
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. Figure 2. ‘Cruciform isomerization and T7 endonuclease I cleavage of cruciform
‘.crossovers. -Panel A: Potential cleavage sites for T7 endonuclease I are- positioned at.a
® cruciform crossover as it may exist;in two hypothetical conformations (léft side of

~reaction). ‘Cleavage sites ar¢ pairéd (circles and arrowheads) to denote the twocleavage:
"axes.” The top illustration i$ unstacked with respect to the: basepairs.at the crossover, qnd . -

., planar. In the lower representation. the branches are stacked one on‘top of the other (the .

- ./ UHA struture first described by Sigal & Alberts, 1972).- Cleavage results in'resolved .

" “hairpii termini (right side of reaction, cleaved at the circled sites).’ ‘Panel B: Two péssible
- "isomeric forms of a cruciform strdcture are schematically drawn. The curved arrows - .

.. illustrate the direction of fotation -of :the junétional branches.’ Reaction (i) is an- .

. isomerization analogous to that described by Meselson & Radding (1975). ‘In the plasmid .

substrate, the cruciform hairpins arg simply inverted with respect o the circular branches®
" of the crossover. Reaction (ii) is a rotation of the criciform hairpins about the helicalsaXis’ *<;
,  of the circular branches and effects no isomgrization of the junction. Light and heavy, -
.loops scheratically illustrate the ®o cruciform hairpins; whereas a single liné represen

. -the double-strarided circular core domain of the plasmid. 5
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discovered to be penodtcally spaced an average of ten nucleoudes apart (the equtvalent of -

one turn of prtmary heltx) along the DNA sequence The penodrcrty was surpnsmg smce B

‘every phosphodrester within the limited region of dyad symmetry of a syntheuc Holhday
structure caphbl’e of branch mrgratron was.sltown to be sensitive to cleavage by T7
i endonuclease I. (Chapter m). A spacmg of 5 106 nucleondes (equrvalent toa half-turn of

.pnmary helrx) mtght have been predrcted based upon the fact that the toporsomers makmg _

: up the plasnud preparatwn would dtffer by a hnkmg number of one (Pulleyblank et al

. 1975 Keller, 1975) By way of explanatron, consrder the analogous example of the

relaxatton of one. supercorl in a. pSAlB 56A topoxsomer durmg crucrform extrusion.
~

One-half turn of hehx on e1ther srde of the cruciform structure would be extruded

. ..(removed from the crrcular core of the molecule) an%the cruclform Juncnon would be

dlsplaced S to 6 nucleotldes along the DNA sequence ‘The observed ten nucleotrde

Jpertod.tcrty, therefore, suggested that vanable structural forms of the crucrfoqn Juncuon _

+

exlsted f.nd that the 1somenzatton event that related them w:g related to the lmkmg S

‘ dlfference tn the cuct’rlar core of the plasmld molecules The mabthty to cleave at least :
’"every otlter presumpnve crossover posmon 1nd1cated that erther (1) the cleavage at','

consecuttve "stabl A crossovers (crossovers assocrated w1th topolsomers m the1r lowest .

free energy form ated between the two cleavage axes (axes a' and 'b' th 1v.10),

SRVE
. or (11) the Junctrons at these posmons were altogether 1nse\smve to T7 endonuclease I

4

drgestlon. .

: . e . . o N

‘ . . : . ‘ N o

t Cl AP ULIEE . . V . . .
" . : . \4'7

“ \ B

e Theconformanona.l 1somenzanon of Holhday structures has not prevrously been reported :

. to be hnked or coupled to branch rmgranon The 1somenzanon of Holhday structures"

g descnbed by Meselson and Raddmg (1975), through lwhrch opposrtd% parrs of. strands are“'f

| brought 1nto the "crossed" conﬁguranon, has QO apparent topologlcal 1mpl1cauons for a

N
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crucrform Junctlon since the process would only involve the thversmn of the eruutorm |
structure relative to the crrcular domam of the. molecule (th IV.2B). Therefore B
expenments were carried out to deterrmne (1) whether either axis could be cleaved at the v
"sensmve" crossover posmons, (i1 whether the cleavage pattem (was excluswely related;
to the prevmusly characterized crucxform structure in pSAlB 56A (Chapter ) and (m) if - .‘
branch n;xgrauon m 1solated plasmtd topmsomers would lead to the generauon of the same B

cleavage pattem The results were found to be consistent w1th the 1ntt;rpretat10n that T7 :

o endonuclease 1 dlscnmmates between conformauonal 1somers of the cructform Junctton S

»

N\
‘ that arise as a result. of a chahge in the helical tw1st of the plasmld cu‘cular core dunng :

w

»

branch rm auon Thxs TC, umnve 1somenzat10n a ears to be: unrela‘ted to the more
818 p »&, PP .
, \( 7 o . . “

'I’he crucxferm-contmmng plasmid substrate was. pS%B 56A

’whlch has been extensxvely charactenzed (De Lange'?et al. 21986; Chapter II) Itisa

: pUC13 denvattve beanng the te'lgmere sequences of Shope ﬁbroma Vtrus in the form a R

4

322 basepatr mverted repeat The plasmld w1th a stable crumform extruded from the

 viral msert scCIuences, was punﬁed from low-melung aga.rose (Langndge e al 1980)

The han'pms of the crucrform contain a total of etght extraheltcal bases as a conseﬁuence

of the 1mperfect nature of the mverted repeat The creauon of two pSAlB 56A

4

v

hdenvanves, pSAlB LA and pSAIB. RA has been descnbed (Chapter II) These plasrmds
v car%he‘left and nght arms, respecuvely, of the v1ra1 mverted repeat (see Fxg V. lA.)

| g 'l‘he»vn'a(l\l sequent:es were exC(i;sed from pSAlB56A by dvi'gestion.wi'th Hindm and EcoRI

N : ! . EEREEEA
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(Fig. Iv. l) This "bridge" fragment was purified from low-melting agarose . and
- heat-denatured by botlmg for 3, trnnutes in a small volume of 10mM Tris. HCl and 0 lmM |

. EDTA pHS (TE buffer) The DNA was 1mmed1ately chilled on ice and the 1nd1v1dual
‘ strands self-annealed to form "snap—babk" structures wluch are eqmvalent to the crumform -

hatrping and the orlgmal v1ra1 telomere\hatrpms (De Lange et al 1986).

el B . L .
Pl : ' : Lo .
Vel Ty, o o | . ,'

Restnctton enzymes and T4 DNA polymerase were ’

purchased from Bethesda Research Laboratortes (BQ Mung bean nuclease and T4 g
K .”cleot}de k.mase’@ere obtamed fnom Pharmacxa and caIf intestinal phosphatase was |
tatned from B‘&lmnger "nnlfelm. Bactertophage T7 endonuclease Iwas generously '

“donated by Dr. P. Sadowskx It g greater tlgm 95% pure with a reported acuvuﬁgf 57

| umts/ml (personnal commumcation, R’Sadowskl) .o

- *;; o S

S B

Digest'i'Ons of plasmid‘ DNA with T7 endonuclease I\were perform as pre&ous‘ly '
descrlbed (Ch!!pter II) except that the reactton buffer contamed 4mM spermxdme In 10u1 -
- reapnons, 50 to 200ng of DNA was dlgested with lp.l of dlluted enzyme (1 10 in 50%,&

glycer} and lmM EDTA) at 37°C The mcubatqon tlmes were adJusted to achleve 50 to _. 3
=
80% lmeanzatton of the plasmtd (usually 5 to 15 minutes) as analyzed followmg/

electroplroresxs of reacuon products in agarose gels

- L e
Lo 2

Mung h«-:m nuclease dlgestlons were performed in T7 endonuclease I buffer at 37°C for 5
. minutes. Reactxons contamed 200ng of DNA and 12. 5 units of enzyme m 20pa The |
pamal lmeanzatton of pSAlB 56A by cleavage w1th AvaII was performed in T7 .
endonuclease I buffer at 37° C for 10 minutes. All other enzyme reactrons were
performed accordtng to thé manufacturers specrﬁcattons or standard procedures (Mamatls “



P R A

et al 1§82) End- labelhng of all DNA fragments was acpompltshed usmg [7! -P]ATP &

| (5200C1/mmole%dand T4 polynucleonde kmase or [0(-32P]dATP (3700C1/mmole), 2mM |
each of dGTP dTTP and dCTP and T4 DNA polymerase Radlolabelled ATP and dA’I‘P

was purchased from ICN Raditch caJs _ e

iy

L
L4 RY;

Mmgmmdnms Topoxsomers of pSAlB 56A xrc ?‘ fied from 20 X -

- Ny 1.d R,
. ;

.‘ - 1980). The'-analysis‘of the it aomer DNA was carned out’ under srmtlar

‘.; 4', 'S

F prgdu&s were analyzed in standard 10%:polyacrylaxmde/7M urea denatunng gels (Maxam
& Grlbert 1980) élecuophoresed in TBE buffer. Poloroxd neganves of agarose gels’
stamed W1th ethxdrum brormde were scanned w‘ a Joyce Loebl Chf.omcs,can 3'

densitometer, - - o .

(..V' . .- R Wt 'o.'l :0
. . . o 3* ’ . ‘ «“ : .
) . ) = v » : 1 " . .- ) .

C,.Re‘sults SN R

'9"‘ LA a

ﬁed%m 56A co—rmgrates wrth mcked, open—clrcular pla:mxd DNA under standard
B electrophoresrs condmons by vu'tue of the extrusron ofa large crucrform that relaxes the _
N plasrmd tOpologxcally (Chapter ). When the plasrmd 1s electrophoresed in the presence .
| of 2 utrated amount of the mtercalatmg drug chlbroqulne, whtch parttally upwmds the

DNA bausmg

""‘smptmn of"the crucxform stmeture 1nd1v1dual topoxsomers can be

separated on the bas1s of lmklng number As shown in Frg IV 3A preparanons of.

e 2

)
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~ Figure IV.3. Plasmid 'toggisorher distribution before apd after digestion with T7 -
. endonuclease L. Panel A: Undigested pSAIB.56A, electrophoresed in 1% ggarose in the
"1 presence of 2.1pg/ml chloroquine, stainéd with ethidium bromide, photographed and
"; scanned with a densitometer.” Gel migration was left to righit. Open circles refers to %«
. ‘nicked, plasmid moleculgs. Panet B: plasmid pSAIB.56A: after a partial-digestion with T7- .,
___endonuclease I at 37°C. The linearized product of the réaction co-migrated with orie,of the -
Sty tgpgisomer's in the mixture under these el¢ctrophoresis conditions. " ; - o
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~ purified ﬂB 56A plasmrd DNA were dt.monstrated'to contam a normal dtstrtbunon of
topotsomer molecules usrng thrs procedure Partial ﬁgemr} -of pSAIB. SdA with T7
endonuclease I a8t 37°C analyzed following electrophoresrs in chloroqume commmng

gels, resulted in the reductmn of every topoisomer band, and by mference, showed that

. each was equally sensrtrve to clea‘age y T7 endonuclease L» The only vrsrble product .

.‘gl v

ved from the elelven dlscernable toporsomers was lmeanzed plasrmd (Frg IV 3B)

:, . 0
R + . }9 .
1_‘ ,

g

m Crucr?p‘rrﬁ crd'ssover posrtrons in the viral sequences of pSAlB 56A were ‘determined by

rnappxng T7 endonuclease I cleavage sites wrth reSpect to Ihé"’EcoRI restnctton site

kw‘ E .
. .o “k“ﬂ.-° o ,\

flankmg the msert sequences (see th Iv.1). Plasrmd B‘NA was cons%%utrvely dlgested
w1th T7 eﬁdonuclease I and EcoRI th‘en'd-labelled under condmons that rmnrrmzed tl e .
labelhng of internal nick snes A 51m11ar expenment mapptng cleavage sites to one axis

(axrs a, Fi .,IV lC’mapped acc0rd1ng to cleavage fragments 5' end- labelled at the

8 EcoRI.'site 3 been prevrously reported (Chapter II). Both 3' and ' end- labeled

cleavage fragments were analyzed here so that resolution acros either axis of the

. crucrform crossover could be’ 1dentrﬁecL A comparison of the cle age pattern alon g axis

-
£

[
‘a’ and ax1s 'b' (mapped accordmg to the cleavage f‘ragments t are 3' end-labelled) is '

, e shown in Frg IV.4, lanes 2 and 1, respectrvely Generall three broad domains of C

cleavage were observed within the viral sequences, labelled 1, II and Iﬁ in th V.4,
‘Domains I and ITI are symmetncally related and identify the cleavage srfes on erther side
pf the mvertéd repeat axrs along the same strand of the vrral insert. In domam I are

, cleavage posmons drsta] to the EcoRI sr’te, relanve to the cructform structure, whereas
cleavage posmons proxtmal to the resfricion srte are 1dentrfied by the fragments in domam

| I[I The two domams, thhm a given lane (Fig. IV 4, lanes 1'and 2), represent clea.vage

across bqth axes of the crossover On the other hand the cleavage sites 1dent1ﬁed in
. . f.
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el g

Ag T7 endonuctease I'cleavage sites to the viral insert sequences.
Nty partially linearized with T7 endonuclease I, then digested to
Rd. Fragments were either 3- or 5'-end-labelled at the Eco RI-
Mectrophoresed in standard. 10% denaturing polyacrylamide gels.
d fragments; lane 2: 5' end-labelled fragments; lanes 3-and 4: 3'
fragments of Hinfl digested @X174 RF DNA, respectively.-

] #¥8 tiven in nucleotides. Three general domains of pSAIB.56A
cleavage fragment sizes are identified: 1, I and ITI (for lanes 1 and 2). Within domain
{ub-regions of cleavage fragmeénts as marked (i) through (+). These regions
TY'endonuclease I cleavage at the base of the cruciform on the side proximal

Figure IV.4. Maphia

completion vgt,h ,
termnini with 4@ ¥
Lane 1: 3" éfidslabe

‘tothe Ec 1Y ite.”. The inverted repeat axis of the cloned viral sequences is 188 bases
front ttfg‘ CYisite: Fragment sizes are given in nucleotides. v
. G SR : [

= " . Y
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~ through (v), Fig. IV 4), the centers of whlch are spaced on av*ncleondes apart .-
| along the pnmary sequence The relative mtensn% of cleavage as: with each region "

, 176
. o o
\ . : ”» ‘ ; ? # ! é
domain II are very near to.the inverted repeat axis.ﬁ:ftlthbugh domain II cleavages are

symmetrically placed about the inverted repeat axis, band intensities are far greater on the
proximal side of the axis. Cleavage in this region may be indirectly related to the ptesence .

'of extrahelical bases in t‘lvte crucxform hairpins and will be dxscussed later. For the

accurate 1dent1ficanon of cruc1form crossover posmons mapped by endonuclease I

cleavage across one or the other axis, ‘only those sites contained in domain III were

‘studied more closely. It was previously demonstrated that the second nick required for‘~
effecnve resolutlon along one axis could be a351gned to the. same.scquence on the opposxtfj

| straﬁa‘by mappmg relanve to'ﬁe HindIl site on the other 51de of the insert (Chapter II)

ly "
R

* ”

Within domam I11, five limited regions of Ry endonuclease I cleavage are defined {(i)

reflects a Gaussmn dlstnbuuon of fragment s1zes, as might be expected for a natural

population of topoxsomers, each with a umque crossover posmon when in its lowest<free

energy form (ie the ALk in the circular core is near z;:ro) As already suggested a

plasrmd molecule with a nat1ve superhehcal density (around -0. 067) would be ekpected to

have the base of its extruded cruciform within this general reglon of the viral insert

sequencé_ (Chaptgr II). o . .

n

~/_,

- Cleavage along either junctional axis has been rnapped to the same crossover positions.
- T endonuclease ILcleaves predommantly bne nucleonde to the §' sxde of the Crossoyer m

. synthenc Holhday Junctxon analogs (Chapter III) Consequently, 3' end- labelled

fragments should be 2 nucleotides longer than ~the 5' end- labelled frfxgments

(correspondmg to cleavage along a)usfb' and axis ‘a', respectively) if cleavage across

[}

”-
&

=8 Bunyg,
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Y " ' . vy - axis a

f . ,- Y } .
3 CCATTATACCTCCTCAAAATCTCTGGAAAGAAGGTGE

75 3] 58

5 GGTAATATGGAGGAGTTTTAGAGACCTTT‘CTTCCACC e
AAA , AA PO S S -aXlS‘.'bL

(i) B )

Figure IV.5. Correlation of T7 endonuclease I cleavage positions with DNA sequence.
Three cleavage regions ((iii), (iv) and (v)) were mapped; ¥y the direct comparison of ~
. PSAIB.56A fragment lengths to known size markers (Hinfl digests of @X174 and -
pBR322). Cleavage along axis 'a' is read off the top strand labelled at the 5' end, -
whereas cleavage along axis 'b' is read off the 3' end-labellgd lower straad. The
numerals b&tween the two strands give the distance, in basepairs, trom the labelled Eco -
RI terminus. The cleaved phosphodiesters are indicated with arrewheads, the size of
which approximates the relative sensitivity of each site. ;o LT
o~

"y ' . '“' . - ki . ) -~
N *
either axes occurred‘at the' same crossover position. This was generally observed for

< regions (iii), (iv) and W), considcriﬁg ihgt sorfie yaxiabilify in clcévaée efﬂqiexidy’: would .-
A Sy EI - ”!" RN

1) ~-

. be expecteq because of the s'equénéc i)féfg;gncc.displgyed<,by the ehiymc (@'hug};tt 1
Figure IV.5 above, the plléiﬁ),a‘g‘fq positjopfv» ix_a!vc, b;:ch aligned with the corTespon ‘

nyucleotide sequence. “The enzymie is khdwn to prefer to cleave phosphodiestersh’ to,
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pynmr‘dme residues (Sadowskl 1974; Chapter Iﬂ), parncularly cytosme re51due§ Tlns

-could explam the greater vanabxhty observed in the cutting at crossovet position (v), 1

which resrdes ina polypynmxdme-polypunne stretch (Fig. IV.5). Most srgmficantly,
~however, within the inter-region sequences there are numerous sites with preferredi
‘cleavage sequences that are not cleaved by 'I7 endonuclease 1. For example, the sequenC‘
- 5-AChas been 1dennﬁed as a highly preferred cleavage position for the enzyme (Chapt J
III) and thlS seqqpnce exists between reans (ii) and (ii1), (m) and (iv) and @iv) and 44
On the other ‘hand, the sequence 5' -CA‘w\s poorly oleaved in. synthetic Holllday
structures capable of branoh“ mrgranon and thus, the absence of cutting. at this
i phosphodrester in reglon (iii) (top. strand, Figure IV.5) is consistent w1th this 7
demonsu'ated.gpzyme specxﬁcny and subsﬂtlates the sequence ahgnment
* .
A series of comrols was performed to conﬁrm that the observed endonuclease} cleavage
51tes did, in fact, correspond to variable crossover posmons ofa crucrfonn extruded from

Wy
“a cemmorhnverted repeat axis. Isolated harrpms prepared by the heat-denatiration an%

snap-back" of excised mverted repeat msert fragments (see Matergls and’ Methods, this

v

qhapter), are n eaved at all in domam III (lane 5, Fig. IV 6). Mung bean nuclease .

* used to proby for other non-B DNA structures (Kowalskl 1986), only cleaved at the
central axis &f the cloned viral inverted repeat (F1g IV.6 lane 1). These central axis
sequence's buld have formed the smgle stranded harrpms of the large ‘cruciform
branche§ in pSAlB 55A. Also, pSAlB 56A was parually hneanz wuh AVH (two i
'A'vaII sxtes are posmoned 2{ baseparrs apart far removed from t.he clomng Sn\? in |
WCB) andathen 1mmed1ately .ngemd_\vnh '1"7 endonuclease I (lane 4, Frg Iv. 6) &

eR :
5 ’? A

r{ eanzanon destabxlxzesmcxf()% strudﬂrr“%s 4nd would have allowed the ni:lecules to‘ a

bran;h-mrgrate mto the more stable hnéform conﬁguranon Cons1stent w1th the

L‘

R



Figure IV.6. Cleavage of pSAIB.56A by T7 endonuclease 1 is related to the existence
of the crifiform crossover. Plasmid pSAIB.S6A was partially digested with various
endonucleasges and then cleaved with EcoRI, endabelled and electrophoresed as .

described in the legend for Figure IV 4. Lane 1: pSAIB.56A digested with Mung Bean
nuclease; lane 2: pSAIB.56A digested with Avall; lane 3: plasmid digested with T7
‘endonuclease I; lane 4: plasmid partially digested with Avall, followed by digestion
with T7 endonuclease I. In lane 5, isolated cruciform hairpin structures (see Materials
r and Methods, this chapter) wete digested with T7 endonuclease.l and then 5'
N—labelled. The size markers (S) were 5'end-labelled HinfI fragments of #X174 RF

A. . o ‘
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resorption of the crucxform structure, less cleavage was observed at I'C“IOHS (1) throuﬂh

| (iv) followmg a partlal lmearlzatlon of the plasrmd And finally, when clones béarmg the.

* individual arms of the viral mverted repeat (pSAlB LA and pSAlB RA) were txeated with -

Ky endonuclease,l under sumlar condluons as d1gesuons of pSAlB 56A no cleavage

-

was observed whatsoever (data not. shown) L R £ R

~.

.

Inspectlon of figure IV.3A reveals that at least eleven topmsomers cc}uld be distin gu15hed
| . in the punfied pSAIB.56A prepaguoﬁs In thetr lowest free enerfgy form, each should

,. have a crucrform of umque size and crossover locat1on Nonetheless, as evxdent from the

“~

.
crossover loca,tlons “In conJunctton w1th the observed ten nucleotlde spacmg between the

T7 endonuclease I cleavage regtons thls suggested that every other topoisomer was not

a4 7

cleaved when in its lowest: free energy state ‘Instead, slnce every toporsomer has been

/

shown to be cleavable (Fig. IV 3), the cruciforms muSt have facﬂely branch-rmgrated to

/

‘ 'sensmve Crossover posmons and been cleaved there To assess the degree of branch -
o

migration in thesé molecules, individual toporsomers were punﬁed (Flg IV. 7) and

digested’ w1th 7 endonucleaseI (Fig. IV.8). l;/ach top01somer after dlgego'n produced,

a subset of the cleavage fragrnents prevrously 1dent1ﬁed in the populatlon as a whole:” ‘As -

expected the greater the’ ALK, the further the averagﬂl‘ossover posmon was from the / /

LB % /
mverted repeat axis. Most 1mportantly,,the crossover in each t0p01somer branC -rmgrated

a dxstance spanmn g a number of T7 endonuclease I sensitive and 1nsensrt1ve regions. The :

y:

less efﬁcxent cleavage in regton (u), relattve to the cleavage at reglons (i) and (iii), as )

detnonstrated with the punﬁed topmsomers, was probably not due toa lesser frequency
of crossovers 1_r_1 this region, but rather, was attnbutable to the sequence preference of T7
endonuclease I, Though T? endonuclease I prefers certain sequences, non-preferred

N

¢



Figure IV.7.  Purification of pSAIB.56A topoisomers. Plasmid  DNA, was
electrophoresed and ifldividual topoisomers were purified from low-meltingqagarose
gels containing 2.1ptg/ml chloroquine (sec Materials and Methods, this chapter). The
purified topoisomers were analyzed following electrophoresis for 24. hours in standard
1% agarose gels containing the same concentration of intercalating drug, and staining
with ethidium bromide. In lanes 1 through 8 are the individual purified topoisomers,
ranked according to linking difference (LK) with the most supercoiled species presentin |
lane 8. oc-DNA is ¢he nicked, circular form of the plasmid. '






Figure IV.8. T7 endonuglease I digestion of purified pSAIB.56A topoisomers. The

digestion of plasmid DNA?and the analysis of 5' end-labelled cleavage fragments was

performed as described in the legend for Fig. IV.4. The lane headings relate directly to -
the.numbering of the purified topoisomers in Fig. IV.7. For example, int lane 7 are the

cleavage fragments generated by the digestion of the next to most Supercoiled

topoisomer purified. Domains and regions of cleavage are the same as dcscnhc\dir'l_m}/
* legend for Fig. IV.4. : C _
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cleavage sequénces can nevertheless still be cleaved when positioned §' to i fixed
ge seq . |

\(nqn-migrating)vHolvlidqy sn‘ﬁc’;‘ﬁuc‘ (Chapter D).

' Cleavage very neaf the inverted repeat axis (in dotnain II, Fig. IV.4), was also Observed

. in each of thc punﬁed topmsomers (Fig. IV.8). The efficiency and position of cleavage

e T

in domam II appeared to be mdepcnden( of linking dlfference Moreover, it was not
sxgmﬂcantly reduced when the plasrmd was hnearlzed (lane 4, Fig. IV.6). The cleavage _
pattern is prqvocatlve because the cut sites are phased approx1mately 10 nucleotides apart

begmnmg from the 1nverted repeat axis. Their appearance was dependent upon the

.. presence of the inverted repeat and they are absent in _,géstxons of the cruciform hairpins

»

(F1g. IV.6), Their presence is consistent with the extrusion of a small cruciform from the

‘same inverted repeat axis as the major cruciform under study.. Consequently, it is

possible th;:tt small criciforms have become trapped in this region because the presence of

the cxtrahehcal bascs in the crumform halrpms would retard branch mlgratxon dunng the

cruciform- to—lmeform transmon (Robmson & Seeman 1987) h s

v

% . o ' B

D. Discussion

.

Due to the large size of the inverted repeat insert.in pSAIB.56A, branch-migr'z'ition in the

plasmid molecules implies that, at ‘awhc cruciform crossover could be

A

positioned at any point along the viral insert sequence ‘within a _fegion determined by the

rangedf topoisomer linhgg_gﬁ:i/fjc{ences and the supercoiling enérgy in the circular cores
C T e ) : .

- of the respective topeisomers. “Certain crossover positions may be favored, such as those

associated with topoisomers that are completely relaxed, topologically, and in their lowest

energy form. These crossover positions would be separated along the primary sequence
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by the equivalent of one-half turn of helix, attributable to topoisomers whose linking

numbers differ by increments of £1. Mapping crossover positions with T7 endonuclease

I resulted in an observed pqnodxcxty of ten nucleotides, equlvalcnt to the-extrusion of two  /

full turns of helix. All phosphodxcstet bonds contained within thz limits of branch [

rmgrauon in the plasrmd molecules wete not equally sensitive to endonuclease I cleavage,

and those which were cleaved were restncted to deﬁned and penod1cally spaced regromﬁ%,@

Insensitive regions may have reflected posmons at which the crossovers were unstable

~ though this is unlikely because all the topoisomers m _the plfsmld poputation were

completely relaxed topologlcally when in the cruc1form configuration (Chapter II) and

- thus, m theory, should possess a unique crossover position. Branch migration in everv

" other topoisomer to a stable crossover position would have mtroduced at least one
superturn into the plasmid which could have been, but was not, deteeted by agarose gel
electrophoresxs (Chapter II). Eleven topoisorders were identified in the plasmid
population, all of which were cleaved (Fig. Iv. 3), and yet only 5 or 6 crossover

_positions were mapped by T7 endonuclease I digestion (Fig. IV. 5): It follows that
certain cr_ossover;ositions were associated wi‘th junctiohs that were resistant to digestion

_ with v, endonuclease L. |

‘ | 7

Plasmld pSAlB 56Aisa umque substrate for these expenments in that it is the largest

stably cloned palindrome characterized at present (Chapter II). MQSJfruleorms studled

to date were much too small to relax the cucular DNAs in Wthh they resided. The

plasmid pSAIB.56A contams an average of 20 supercoils and relaxation would require the

extrusxon of at least 200 base-pairs into the crucxform ‘THe overall size of the inverted

_ repeat insert, 322 base -pairs, exceeds thlS minimum and penmts the mlgratxon of the

junction subject only to topological constraints. Unfortunately, large inverted repeats are
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notoriously dlfﬁCUlt o clone, 1llustrated by the fact that pSAIB. 56A can only be stubly

prépagatcd in recombination deﬁcxcnt bacteria. Thas, it remains to bc esmbhshed that the
observed cleavage pattern is generally applicable to cruciform DNAs, ulthough itis highly
unlikely that the observed cleavage periodicity was pmfoundiy rictcrmincd by peculiarities
in the sequence of the viral insert of pSAlB‘.56A~.," For instance, as'shown in Figure [V.S.
‘preferred sequences for T7 'endonucléase I\(thc ¢lcaviablc séqucnce 5'-AC, for oﬁe) did
exist in the insensitive regions. As convinc’i{'ig,‘ the pattern of cle.av‘agc' was consistent
over a span of 60 basepairs in a sequence tl:z;t, iS notable only in that it is moderately
A+T-rich. Nevertheless, it remains debatable wfxethg the cleavdge pattern was influenced
by some other structural element preséht ‘in.-i_h‘e poxviral telomeric sequences. However,
co»n-trol cxperirhérits, described in thi's rc’ﬁor{, repeatedly failed to detect any 7
endonuclease I cleavage in the relevent sequences of pSAIB.56A that was not associated
with the presence of the relevent cruciform crossover. Probing the sequences with Mung
Bean'nucleése alsq failed to detect any other unusual DNA structural forms which may
have been present lr‘l the plasmid molccuies and which could have influenced the cleavage

»

specificity of T7 endonuclease I.

)

~ The T7 endonuclease I mapping of crossover positions in individual purified topoisomers

der_nonstrated that the cruciform crossover could branch—migréte over a range of enzyme
sensitive and insensitive're”gions. Therefore, if cnzyméiic cleavage ; not pfofoundfy
affected by the DNA sequence, it is most likely influenced by changes in crossover
conformation aﬁd the regular periodicityvof-. the cleavage pattern, so provocatively related
to the helical icpeét unit, suggests that thisoisomcrizatic‘)n of the cruciform structure s,

coupled to Ibranch migration via the associated ATw in the circular core domain of the

plasmid molecule.” Specifically, it seems reasonable that coinciding with every turn of

q
+
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helix ancd to, or removed from, the crumfonn structure, the crucxform isomerized. In®
adbordan¥ w\th the data, one isomer would be sensitive to T7 endonuclease I cléavage
across eitHer crossover axis morc or less cqually. while the other form (or mtermedlate ‘
forms) would be complctcly resistant. ‘Thc mtcrconvcrswn of the two forms, procccdmg
through intermediate conformations, would explain the rather limited rchons of cutting .°
observed for the T7 enzyme. Branch-nﬁgranng‘~'l-lolhday structures wnh topologxcaliy :
free branches can be cleaved at every nuclcoude posmon within the region of dyad
symmctry (Chaptcr III). Therefore, thc phcnomenon of periddic cleavage, and by
inference the lmposed isomerization of the crumform spruc{ure would have m a -
property of thc tqpolbglcal constraint 1mposcd by the. cuculanzauon of two branches of

' the junction. - \ ' N ° h

Ld

8

Branch Migration in Supercoiled Plasmid DNA = Models for double-stranded branch

migration in Holliday structures (Meselson, '1972; Meselson & Radding, 1975{ Robinsén

& Seeman, 1987) have been develbped m terms of tl;c roi:zlry di’ffusion driven movement  ’
. of a crossover in a base-stacked, Sigal & Alberts- (1972) molecule (described in Fig.
IV.2B). Morc recently, Robinson & Seeman (1987) have called this version of a
Hollxday structure thc unpcrturbed-hehx-axls (UHA) form. The slgmﬁcant assumpno;l )
made has been that the DNA branches are sufficiently "flexible” that they are free to rotary
diffuse (Meselson & Radding, 1975), ic.. tﬁey are not topolo}gically constrained. In
plasmid-bome cruciform DNA, two of the Holliddy ju;lcﬁon branches are contiguous and |
form the topologically closéd domain of the molecule. In small pls'lnsmid molecules, rotary- i
diffusion of these branches could not occur, tc; a—n.)jgreat degree, independently. Rather, o

diffusion would rotate the branches in the same direction and merely spin the cruciform

“hairpins about the helical axis of the circular branches in the manner described in Fig.
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IV.2B, (ii). This process neither rép:esents an isomerization of the jl(lctfoz\ nor .Wollld i -
a priori influence branch. migration. In small plasn;ids (and presumably any small
topologically closed domain), branch migration will almost exclusively be driven by the
- free energy of sdpcrcoiling (Mizuut:hi et al, 1982b). Therefore, branch migration will be
accompanied by discrete changes in twist (ATw) in the circular branches of the molecule, |
while its direction will be dictated by the sign of ‘lhc linking difference (ALKk) of the

circular core.

At least three isomcrizatipn processes can be described for a pmcifonn-crossc&'ver. The
most elementary invél‘vcs the unidirectional movement of the branch poiht along the DNA
' sequehcc. A second is branch inversion (described in Fig. IV.2 and Fig. IV.9) which is
comparable to the isomerization process described by Meselson & Raddiﬁg (1975) and
has no apparent topolbgigal component. A third isomerization process, not previously
alluded to, will accompany a ATw i‘n the junction brariches. The latter two processes are
illustrated and gompared'in Fig. IV.9. A ATw in the bran"éhcs will change the disposition
of the major z}nd minor grodvcé adjacent to the phosphodiester crossovers. For instance,
in one isomer, the minor grooves would face the top of the pagé (left side of Fig. IV.9), )
whereas in the alternative isomer (right side of Fig. IV.9) the major grooves would face
" the top Pf the page. Note that there is no étc>i'ncidental reversal in the polarity of the DNA
strands. There is no indication in.Fig. IV.9 how this process may occur mcChanistically.
Rather, its association with branch mlgranon in circular plasmid molecules is more fully
demonstratcd in Fig. IV.10. Figure IV.9 serves only to cmpha51zc that inversion
isomerization has no bearing on the disposition of the grooves; it is-the topology (ATw) of
the circular core that influences the*phaéing of the grooves at the junction. A compdrison '

of the structures labelled [A] and [B] in Fig. IV.9 will show that these are
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isomerization through Branch ATw
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Figure IV.9. Isomerization in terms of the disposition of the helical grooves of the DNA
branches adjacent to a cruciform crossover. Two unique isomerization events are
schematically represented using the stick figure of a Holliday junction. The helical turns
have been removed for clarity and the branches of the junction are shown in the
tetrahedrally arranged conformation. Proceeding from top to bottom, junctions undergo
an‘inversion isomerization (as in Fig. IV.2) by passing through a planar form. Left to
right in the figure are pairs of isomers that are related by a change in twist (half twist per
branch) in the junctional branches. Note that in this case there is a change in the
disposition of the grooves relative to the polarity of the DNA strands. In this diagram,
open branchcs\ar:arked with the 5'/3' polarities denote the.circular core branches.
Structures [A§ and [B] are pseudo-enantiomorphic forms of the junction. M: major
grooves; m: minor grooves. In the unwound representations shown, the major and minor
grooves are on opposite faces of the duplex DNA tracts. ‘
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Figure IV.10. Braneh migration and isomerization of a cruciform crossover. A plasmid
molecule with one helical turn extruded into a cruciform structure (top figure) branch
migrates so that a second turn is extruded from the circular core (bottom figures, having a-
relative ALk of +1). The left and right branches of the junction-are enclosed to form the
circular core of the plasmid. The two bottom figures are inversion isomers of the more
extruded molecule. Individual strands are distinguished as light and dark ribbons. Three
partial helices are numbered, -1-, -2- and -3- to highlight the net movement of the partial
turns during extrusion. As shown, turn -2- is extruded into a hairpin by becoming
unwound, ‘undergoing strand exchange and finally being rewound to complete the
process. Note that.the disposition of the helical grooves has been reversed at the
crucform junction. This is the critical difféerence between the twist-related isomerization
and inversion isomerization (bottom reaction).
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rphic - a critical consideration when regagdi‘n%?ne specificity.
. b

Dunng "granch nugratton, where there is an extrusmn of sequences from tho cxrcular core

domam to the crucxform harrpms, there 1s an accompanymg ATwW. For every tum of helix ~

- extruded alternattve grooves wﬂl be brought into apposmon at the branch pomt such that

the dtsposmon of the grooves ts reversed relatwe to the polanty of the strands (th
IV 10). No extrusron mechamsm is 1mp11ed in Flg V.10, rather the 111ustratlons srmply '
dtagram the net movement of the DNA strands dunng the extrusron of one hehcal turn of "
DNA As shown each hairpin grows by one- half turn:of' hehx for the one turn removed:v
from the cucular core- and the dlsposmctn of the rmnor grooves changes from betn«."

’ :
proJected up to bemg prOJected 'down’., Tlte hatrpms mamtam thelr onentauon and

) strand polanttes are unaltered In th IV 10 the j 3unctton is deptcted as bemg somewhat

‘ tctrahedrally arranged but 1t is not necessary to 1mpose any structure ‘upon the Juncuon to

dcmonstrate this 1somenzat10n However, it shouId be statcd that branch rmgratlon,- :

. because of the phasmg of the hehcal tw1sts, éan not. proceed w1th the Junctlon exclustvely

) ‘ina base-stacked UHA form. ThlS conformatton could not accommodate the obhgatoryt_ :

mtermedlatc forms whach would ar‘se w1th the extrusron of non-mtegral tums of hehx

M

. ‘\"' i l& . \v; T i ’ : s v'_%

| The penodxc cleavage of branch mlgratmg topmsomers of pSAlB 56A by T7 'v

endonuclease Iis con51stent w1th the Junctlonal 1somenzatlon coupled to ATw The\ie is -

- litele' questton tht the enzyme would dﬁferennate between the pseqdo-enanuomorphlc:

| forms of the Junctxon Vtewmg the planar rephesentanons of the pseudo-cna,nuomgrs in

th V. 9 it can be seen that to properly onent 'self w1th respect to strand polarmes, the

enzyme would mteract w1th etther the ma_]or or tmnor grooves This: spemficrty would' :

exclude one pseudo-enanttomer and any 1ntermedtate forms, con51stent with the lmnted

L
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regtons of cleavaoe observed (Flg Iv. 4) Itis predlcted that wnh larger urcular dom.nm

A}

: __ An attempt was made in a‘n‘earlier
paper to- deﬁne the substrate parameters for T7 endonuclease [ (Chapter Ill) It was
proposed that the enzyme recogmzes a distortion in the phosphodlester backbone ot A
DNA S“aﬂd ‘hat passes from one duplex branch to another. Based prtmanly on the ,
;.- 'cleavage °f tri- OllgOHUCIeonde complexes <’(contammg two duplex branches and tw0~
B smgle- tranded branches), rthe enzyme was presumcd to bmd to neighboring duplex
' branches and cle\ve the bndgmg strand one nucleoude 5'to the crossover point, The :
| ;CYOSSOV“ in a UHA sn'uomre (base-stacked form) is ﬁxed by the overall orientation of the
- four dupiex. branches For thlS reason, the UHA form is probably not a structure that‘
~ would be a substrate for the '[‘7 endonuclease }ltcmanvely, Holltday structures c0uld be’ "

planar or somethmg n between these two extremes, such as tetrahedral in arrangement

o (Sobell :1974; Gough & Ltlley, 1985; Robmson & Seeman, 1987). ‘The planar form is -

attractlve simply because’ it has pseudo- -four-fold Symmetry and presents four equal

@

.‘ cleavage domams consmtent w1th the observation that both axes of sensmve Crossovers
| were cleaved more or less equally (F1 IV.4). Robinson & Seeman (4987) have,
. vtheorencaﬁlzvl"&nce ’suggestmg *tha! a near plana,r conformatxon for Holhday Junctxons is -

c the ‘most acceptable energeucally Tetrahedrally arrangcd Juncnons (and UHA Juncnons)
possess dyad symmetr,y and the two cleavage axes would be dxsunct Thc cleavage axes

could be equatcd through 1nversxon 1somenzat10n but, in c1rcular plasmrd molecules

-+
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/ inversion'isomcrs may not h'z;ve equivalent coriformatioris. For example, in Fig. V.10
(bottom 1llustratlons) two 1nVerston 1’somers are compared In one form (to left of arrow),
.the circular branches have their minor grooves in apposmon, and in the other form (to
K
nght of arrow), the rnaJor grooves are in apposmon Qulte 11kely, the orientation of the
cxrcular branches wrll dlffer in these two forms to m1n1m12e the phosphate- phosphate
,mteractrons of the backbones Were thi s  to be achleved at a mgmﬁcant energy cost in

wterms of the stabthty,of the whole molecule, itis concetvable that the cruciform ha1rp1ns

could rotate about through the cireular core dunng branch mlgratlon (see th IV 2B

reactton (h)) such that etther the major or minor grooves were always apposed in the t

cisgular branches The phasmg in’ the two ha1rp1ns branches would be less of a concern
since these are not topologrcally constralned and would be relatlvely free to make the

' necessary accommodatlons It may be 51gmficant that the ha1rp1n branches would not

'hav_e to rotate through\ thefsolvent and about, the c1rcular cores ax15 if the Holhday Junctron_ i

* were in the planar configuration.

As part of a prehmmary jcussion of the mechanism of action of 'I'7 endonuclease I, and
similar ' resolvmg enzyfnes mvolved in recombmatton Frg IV.11is mcluded to suggest
how catalync units of the enzyme rmght approach and bind to a Holliday Juncnon (a
' crucrfonn, in his case) It is proposed, as an alternative model to the resolution of UHA
‘ 'forms, or stnctly tetrdhedral forms, by a dimeric enzyme (Kemper et al., 1985) that

individual enzyme umts bind separately across one axls of the Juncnon, and ensure the

»

: vﬁdelt‘ty of the rc;solvrng reaction by precluding bmdmg to the opposite axis. A posmve .

B cooperattve interaction may occur across the Junctton in_order to promote the attainment

~of an .acttvated en_zymc-substrate complex, for 1nstanc_e; The junction may approach

* planarity in its most stable form, or planarity may be imposed upon it by the
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4

Figure IV.11.. A hypothetical cruciform junction and the proposed binding of T7
endonuclease I. Panel A: the branches of the crutiform structure are shown to be
arranged in a near-planar form. The circular core region of the rpolccule_is represented by
the single_dotted line. The cruciform hairpins are only partially drawn and extend to the
right and left of the crogsover. One hairpin is identified by a ‘heavy' strand (to the right)
~ while the other is 'light'-stranded (to the left). The pairs of cleavage sites (representing -

“the two cleavage axes) are denoted by the open circles and the filled triangles. In this
representation, the cleavage sites can be observed to be on the crossing-gver strands of
the component branches of the junction. Panels B and C: .the binding of one enzyme"
molecule (B) and. sequentially a second enzyme molecule (C) at the crossover is
illustrated. The sequential binding of catalytic units along one cleavage axis was

" proposed primarily on the basis of earlier results ( see Chapter I ), which defined the

binding domain of the enzyme to include regions of two duplex branches and, most
importantly, the one strand which tethers the branches at the junction. . '
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binding of the enzyme.
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V. DISCUSSION AND' CONCLUSIONS

gmmmm_md_mmmmm Our approach has been to characterize

cruciformation w1thm the cloned SFV tclomcre sequcnccs in vitro in order to assess the

probability that spontaneous cruciform extrusmn represents an 1ntermcd1ate reactlon in the °

resoluuon of rephcated telomeres. Having accomphshcd this, we can makc conjectures

on the basis of the avaxlablc evxdence, about in vivo circumstances that could exist o

regulate or promote crucxformanon were it, in fact to be associated with telomerc
rcphcatlon The crimal observations that form the basis of our conclusions are outlined

below: . . -

L Plaémid bcziriné the oloned telomereb ¢oncat3me;ic jonction (pSAIB.56A) was
inviable in r:ec+ ‘bacteria and the .invcrtcd. repeat sequences were unstable even in
recombinotion-deﬁcient hosts. An in v‘ivo_ vdeilctior; derivative of p$A1B.56A was
identified and was generated by a recombinétion event botwcen direct repeat$"within the
cloned telomere sequenoes (sec' appendix 1). In this respect, the cloned inverted repeat

“behaved much like any other large invertedj repeat studied in vivo. )
, R

2. Plasmxd bearing the telomere sequenccs characteristically displayed a unimodal

"dlstnbuuon of superhelical densities the average of which was typical for plasmid DNAs

1solated from bactena Therefore, no in vivo crucxformanon was assumed to have

occurred bccause this would more than likely have led to compcnsatory supercoﬂmg and a

‘ higher titratable supcrhehcal densny in those affectcd plasrmds

3. Cruciformation iﬁ‘., the cloned SFV telomere sequences had a high energy. of
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formation. It was. t\wice that ob§erved for palindromes and the inverted repeats thut"
typically exist in bactcrié. There is some doubt whether native superhelical torsion would
be high enough to stabilize this crqciforr';_ (Lilley, 1986). The cruciform extruded from
the concatameric junction of vaccinia virus required eyeri a greater supercoiling ‘cncrgy for
" stabilization (see Appendix 3). ” |

4. The hxgh energy of formauon for the SFV cruciform was attnbuted to the presence
of the cxtra-hclxcal bases in the cruciform hairpins. The deletion of dyad sequences
containing thc ‘potential cxtra-hch‘cal bases reduced the cnergy of formation to typical
values whxle, at the same time,. on*y modestly decreasmg the efficacy with which the
, tclomeres were resolved in the in vivo assays (DeLange and McFaddcn L987) Loy

5 Crumforrﬁdnon in the SFV telomere scqucnces was facﬂc, mdlcanve of a low
energy of activation, though no measureable energy of activation was obtamcd from our

experiments. A low energy barrier to cruciform extrusion is typical of A+T-rich )

-sequences.

Dcspité models ﬁat invoke crucifoﬁnatioﬁ to explain tilc instability and inviability of large
invcrtéd repeats and the similar behaviour of the SFV 'tclomerc inverted repeat, the
primary conclusion drawn is that cruciformation w1thm the SFV telomcre sequences does'
not occur during. propaganon km bactena ‘and is not hkely to occur spontaneously in
poygvxrus—mfected cells. The energy of formatiorr related to cruciformation 1s,prob1b1t1vcly
high. Moreover, since .cqually‘{mstablé inverted repeat sequences with more ty;;ical
energies of formation are known and recombination mechanisms-are involved in plasmid

metabolism and could meédiate the 6bserved Biological effects of inv;rfed.repeats (Warren’ |
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ang Green, 1985), it is possible that cruciformation plays no‘role in determining plasmid
‘instabi\lity or inviability. However, thié.does not necessarily preclude cruciformation in
vivo. Tt may occur transiently and may Bc’catalyzcd.in a manner described in Chapter 11.
McFadc_ien et..al. (unpublished results) were able to replace up to 50 base pairs a{ tilc axis |
of the SFV inverted repeat with non-palindromic DNA and still zi’chicve significant levels L

of resolution in vivo. This observation poses a serious challénge to the cruciform

] : . ' A ¥
extrusion model. However, the result is remarkably like that of Warren and Green ‘ﬁ’ . VR

who demonstrated that a similar 'replacemeiﬁ\ was ho& sufﬁcientlto prevent pizii

inviablity. The latter authors proposed that cruciforma.tion coula still occur by catalysis
such that the kinetic barrief to cruciformation cduld be overcome.

Catalysis could be specific or non-spcéific.l An example of a non-specific mechanism of

' éatalysis would be extrusion that accompanied the helicase-promoted unwinding of DNA v

during transcription or replication ('Figux.'e V.1A). The major consideration with this
model is the §’tabi1ization.of the cruciform once it is extruded. Telomere bindin g protciklms -
could fulfill this role. Alternatively, catalysis of cruciformation could be the function of a
specific helicase ‘(Figu_rc V.1B). With reference to the SFV telomere sequences, protein
bound at the core target sequences could sequester the tcl.omcric'DNA in aloop and direct |

- a hqiicase to the telomere sequcnccs; Subsequent unwinding, strand exchange and
topoisomerase;activity to unlink the DNA in the loop would generate a resolvable

- cruciform structure. “The protein bound at the core regions c‘ould stabilize the structure or
resolution could be effected immediately by a similarly targetted Holliday-resolving

| enzyme. A similar need for a helicase exists in the Baternan model. As indicated, atléast
100 baéé pairs of sequence mixst be unwound between the hypothetical resolving nicks in

order to separate the daughter telomeres. In ahy event, a viral-encoded helicase has yet to



Figure V.1. Models of catalyzed cruciform extrusion and telomere resolution. Panel A:
an example of non-specific catalysis of extrusion at an inverted repeat sequence caused
by the.action of an unwinding protein (thatched egg). Panel B: an example of a
specific catalyzed extrusion' mechanism acting at an SFV concatameric junction. In this
case, proteins bind to the core target regions (shaded sequences) and loop the
intervening DNA. A helicase (triangles) binds and unwinds the interveriing sequence |
permitting strand exchange. The cruciform structure is stabilized by the core-binding
proteins and ultimately is resolved to daughter telomeres. Panel C: resolution without
cruciformation is demonstrated within the SFV concatameric junction. Homologous
arms of the inverted repeat pair, nicks are introduced in the core target regions and
strand exchange occurs. Branch migration resolves the structure. , v
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be identifiéd. Warren and Green (1985) described a recombination pathway for the
catalysis of crﬁciform extrusion. A minor variation to this scheme transforms it into an
even simpler model for telomere resolution (Figure V.1C). Homologous alignment of the
arms of the inverted repeat, nicking at the core target sequénce, strand invasion and
branch r\nigratioh coincident with unlinking b?\g topoisomerase I resolves the daug'hter
telomeres. Poxvirus-infected cell cytopiasms are extremely act1>vc in viral recombination
(Evans et al., 1987). ~
v .
Potentially, the Bateman model could be distinguished from the other two models on the
basis of its lack of depen&ence on topoisomerase activity. No in vitro system for
poxvirus replication is available and a genetic analysis is not yet possible in order to test
thls directly, but a survey of the telomere sequences reveals a provocative distribution of
eukaryotxc type 1 topolsomcrase recognition sites (Figure V.2). In SFV, tandemly
repeated copies of the topoisomerse I consensus tetranucleotide 5'-A/T C/G A/T T are
found close to the dyad axis and overlapping one of the internal inverted repeat
.sequences. The association with the small inverted rei)eat may not be coincident_a_l. In
- eukaryotic systems this is often ihe case (rcvieWed by Wang, 1985; Hyrien er al., 1987).}
Other topoisomerase I sites apear to be randomly scattcrédd&roughoﬁt the sequence at
cxpected intervals. In vacccinia virus the distribution of topoxsomeraée I sites is different.
Here there are three conspncuous sites tandemly arranged precisely at the telomere dyad

axis. A viral topoisomerase I is encapsulated by vaccinia virus (Moss, 1986).

The requirement for strand separation in long stretches of sequence during resolution may
- explain the conservation A+T-rich sequences in poxviral telomercs.\ In regions czf)N_A

where unwinding is a prerequisite to biological function ie. at replicdtion origins and



h

Figure V.2. Eukaryotic topoisomerase [ recognition sites in the SEV and vaccinia virus
concatameric junction sequences. The topoisomerase I consensus sequence 5' A/TC/G
A/T T is identified for the cloned inserts obeAlB.56A (SFV) and pV(B.5 (vaccinia).
Ellipses above the sequences denote the presence of recognitign sites on the -
complementary strands. Small inverted repeats are indicated. Asymitnetric bases are

boxed.
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transcription promoters, A+T~r1ch sequences are often found. "’Flll‘lhél}nol‘c.

Q{f‘ 1987) tmd |
: s .

recombmauon hotspots have been 1dent1ﬁed that are A+T-r1ch (Hynen eta

A+T stretches have long been assoclated w1th early melhng regrons (Sulhvan and Ltlley,

-1986). Consequently, it is reasonable to assume that these sequences have been

“conserved to to lower the _energy bamer to strand separatron The conservanon ot

, extra~hehcal bases must have no d1rect beanng on resolutlon, Rather they may existto -

e

ﬁulfill some other v1ra1 functlon, such as defining bmdmg domams for proteins. tlmt

orgamze or package the DNA. One can not dlscount the elementary interpretation thttt
\\ K

they exrst purely to dlscourage crumformanon in the A+T-rich telomere sequences

because-resolutlon mvolves hneform sequences

Idennﬁcanon of the mechamsrn of resolutron w111 requrre the charactenzanon of the

protems mvolved A s1te-spec1ﬁc endonuclease and helicase act1v1ty (acting alone or as
part of a normal blologrcal process) are requrred enzymes Toporsomerase act1v1ty,
recombrnatron protems that medJate branch mrgratlon and telomere- bmdmg protems could :
potenhally be mvolved It bears repeanng thatnoneoftheseprotemshave been 1dentlﬁed
and proven to be involved in resolutlon An m vztro system is bemg sought and assays v
for. spec1ﬁc telomere-bmdmg protems and resolutron-related activities in infected- cell

extracts have been undertaken and must contlnue to b€ pursued 5

I:Lenmxglgase_l. Efforts to charactenze T7 endonuclease I were rewarded with a-

~ clearer understandmg of the specrﬁcrty of the enzyme. The enzyme cleaves the bndgmg'

strand that links two non-base-stacked DNA branches In the most preferred substrate the
branches are composed of duplex DNA The cleavage site is predommantly one

nucleotlde 5' from the branch pomt regardless of the complex1ty of the branched

9
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molecule. NleCd linear duplex DNA isnota substrate for the enzyme (de Massy etal.,
1987) 1nd1cat1ng that cleavage 1s dependent upon the recognition of a dlStOI‘ted v
iphosphodlester backbone T7 endonuclease I acnvrty can be inhibited by smgle -stranded
DNA (see appendtx 2) ThlS result is consistent with the observauon that the enzyme can
g recogmze and cleave smglc -stranded branches (though the cleaved phosphod1ester 1s, in
fact ina duplex regron) It has been suggested by others (Jensch and Kemper 1986)‘
that the reported speC1ﬁc1ty of T7 endonuclease 1 for smgle -stranded DNA substrates
| (Center and thhardson 1970 Sadowslq 1971) is more accurately mterpretted as
cleavage at the base of stem-and -loop structures present in such DNAs These structures
| » would be a*talogous to the oligonucleotide dtmers wh1ch were cleaved by T7

, endonuclease I (Chapter III).

thed branchpomt Juncuons are tnore ‘readily cleaved by T7 endonuclease 1 than are ,v
_‘ semi- mobtle Juncttons It is hard to pred1ct why gtven the limited data. Consrder thou gh »
" the pl’CdlCtlonS of Robmson and Seeman (1986) If the stable form of a Holliday
structure 1s the Sobell conformauon and, as we suggest, this is the cleavable form yet
k branch rmgrauon occurs in the UHA form for freelyrbranched structures, then at any one
- time 1t is obvious thata mgmficant fracuon of the semt-moblle Holhday analogs could be
ina non-cleavable conformauon ‘The efﬁcrent cleavage of trimer molecules suggests that
flCXIblllty at the branchpolnt ls a maJor‘factor The branchpomts in these structures are

open in that they are free to rotate or ﬂex at the one bndgmg strand. On the other hand, -
“the Y- structure will be less ﬂexlble because the branchpomt 1s closed and not

surpnsmgly, it was clcaved much less efﬁcxently Flex1b1hty would promote adopuon of

the most p_referred cleavage eonfonnauon. o
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: ) “The gene for T7 endonuclease I has been cloned (de Massy et al 1987), ttnd the enzyme

expressed from the cloned_ DNA been punﬁed and charactenzed We too, have

o .
- purified the cloned version of the e and have found that its characteristics are no
~ diferent than those of the prepar'ation obtained form Paul'Sadowski Our use of defined-
substrates has unproved the charactenzatton of the enzyme to the pornt we beheve. that it

.is the most deﬁned general Holhday-resolvmg enzyme known Now that it has been

_ Cloned, is easrly punﬁed and is stable, itis the most attractive probe for branched DNA

structures Moreover, it would be an interesting enzyme to crystalltze m order to elucrdute
. &
the bmdmg. mteractton with branched DNA substrates. e

AI more precise definition of the sequence speciﬁcfty of the enzyme and a measurement-of -
the enzymes ability to cleave further than one r(ucleottde\form the- branchpomt are still-
' needed Mampulatton of the sequence at the branchpoint or perhaps. the dtscovery and
judicious 1mplementatton of non- cleavable phosphodtesters (using phosphorothtoate

nucleotldes) could be beneficial. The use of defined substrates will also permtt un»
analys1s of reactton kmettcs -and minimal recogmtton attnbutes of the substrate. They may

also be used to more clearly define the resolvtng rnechamsm Are the two cuts made
r sxmultaneously, or are they coupled somewhat less ngorously? When we more carefully

%l-ldlcd the kmettcs of resolution, it d1d appear that the amount of mked plasmid
mcreased early in the reactions and was converted to hnear, resolved plasmid later in the

reaction., This s,uggested that singly-nicked DNA was an intermediate (reac,tlons were

- stopped with SDS) A more careful analysis is warranted.

o Btanszh_mtetanszn_m_ﬁnlhdaumssmm It is perhaps pretentiotis to suggest that our

\'work has contributed to a greater understanding to the mechanism of branch migration in
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) topologically constrained DNA. In fact, we have p'erfor‘med only ¢ one experiment using
. - one DNA substrate and a probe that has not been COmpletely characterlzed But the

" approach »s)as srgmﬁcant for one reason. Assumptlons have been maele're'ga'rdmg branch’
migration which may not be relevent. DNA topology wrll 1mp1nge on branch rmgratlon-A
through effects on the structure of the Holllday crossover. Our discussions and modeli :

v burldxng in Chapter IV draw upon what is known. and sirmised about structure and
branchpomt rmgratron and remterprets this in hght of our on€ striking observation. ‘
Slmply by introducing theconcept of topology andin partlcular the change in the twist of
the DNA during migration, we have identified a potential 1somenzatron event and present

) itin the context of a molecular model. |

: Our model for branchpoint mlgration in topologically constr_ained .DNA accepts
unequivocably that the'confonnation of' the junction isomerizes in direct relation to the _
change in linking difference accompanymg migration. Overlook the 1mphcat10n of

‘ {'topology and infer, as did Meselson and Raddlng (1975) that the UHA structure exists

| exclusrve of other forms dunng branch rmgration and our data is clearly inconsistent. The

E umque feature of branch mlgranon in pSAlB 56A is cxactly that topology can not be -
1gnored and for this reason it is'a novel and 1mportant expenmental observation. Ina

| larger molecule the influence of topology would presumably diminish srmply because

‘more freedom for rotary diffusion would exrst Whether this is the situation in vzvo is not -

: yet‘known, but the obv1ous influence of topologyhn the metabolism of DNA (reviewed
by Wang; 1985) and the sequestering of topological domains in eukaryotic DNvA‘suggests g
that the assumption that rec.omb'uti_ng' DNA is free to rotary diffuse may not be warranted.

The results of Chapters 1II and IY do not establish what the stable conformation of a’
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Holliday structure is. We have inferrgd structure from the cleavage specitficity of T7
endonuclease I, but acknowledge that the enzyme could trap -or induce a specitic
conformation on the molecule Interesungly though the bmdmg energy of the interaction
must not be sufficient to overcome the torsxonal strain that imposes | the ten. nucleoude
cleavagc specificity. Thc tetrahedxal arrangement of branches as. proposcd by. Gough and
Lilley (1985) is an attractxvc model because of the maximal scparanon of “the
negatively-charged phosphod1ester backbones But [ am tempted to invqQke. the Sobell .
model because the rclanvc oncntatlon of the arms, need not changc durmg branchpomt

‘ mlgratlon (they would twist instead) and fcwer steric and diffusional complications would
have to be considered. Ican only answer Robmson and Sceman s concern about viscous

" drag impeding branchpoint migration by_suggestmg that it is thxs\mﬂucnce that makes the.

N qalculatcd rates ‘o>f branchpoint migration so much less than the thcoretiC;lly derived rates.

Opr r’esults.must be verified using other DNA substrapes. In this way, some confidence

cab be gained with resi)ect to a more general relationship bctween topology and crossover

structure. Unfortunatcly we are handicapped b); a limited numbser of probes for the actual :

DNA crossover. Perhaps thc newly dlSCOVCI’Cd monoclonal annbod{es directed against

S

: vvcruc1form structures(whlch themselves must be better characterized) will be uscful in- this

. respect.
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Appendix 1 - o o "

The A260 derivative of pSAIB.56A: Plasmid pSAIB.56A, propagated in
recombination-deficient bacteria, throws off a deleted form that bears a shorter version of

the cloned telomere inverted repeat. The sequence is shown below in Figure ALL

5 CTAAT GTGAA ACCCT CACGC L
G TAACGT A

TTTCT TCCAC GTTAG GACGA |

, ’ ,

AAGCG TGAGG GTTTC ACATT AG

/'/

'/

Flgure A1l.1. The nucleotide sequence of the A26O form of pSAIB.56A. Dual
‘ a551gnments reflect the presence of two possible sequences

Form A260 was purifed from low- meltmg agarose and its insert scq\uenced by the
dideoxy-chain termmatlon method (Sanger F., Coulson A R, Barell B. G., Smith, A. _
J. H. and Roe, B. A (1980) J. Mol. Biol. 143, 161-178). The appearance of altemauve_
sequences reﬂects the nature of the recombination event. Recombination has occurred
between homologous arms of the 1nternal inverted repeat "c" (qure I1.9) in the
pSAIB. 56A insert. Because the homolOgous arms of repeat "c" are not perfectly '
homologous, alternative sequences will arise depending on the position of the. crbsso_t/er. »
This is why the asymmetric sequence at the dyad axis of repeat "c" is faithfully presented .

in its two cornplementary forms.
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Appendix 2

endonuclease I was titrated using ISSAlB.56A as & substrate and measuring its conversion

to a linear form. Increasing amounts of synthetic oligbnucleotidc 3 "(Chaptcr ITI) were
added to the reaction in order to déterrm'ne its a?ility to inhibit the rcsoiuti'c?n reaction.
'.R;:actions included 50ng of pSAIB.56A, and varying amounts of .oligo 3, in 9ul of
- resolvase buffer and; were initiated with the addition of 1ul of enzyme diluted 1:10 in
diluent (as described in Chapter III). Reacﬁons were stopped with SDS and EDTA after 5
minutes, then él(gctrbphoresed in agarose gels. Relative amounts oE éircular and linear
plasmidi were estimated and the results are shown in Figure A2.1. Oligo 3 was designed
~ not to have any appreciable base complementarify aﬁd was not cleaved by T7

‘endonuclease I under similar conditions but in the absé__nce of pSAIB.56A (Chapter ).

The iﬁability to detect any inhibition at low levels of oligo 3 could reflect the fact that

excess enzyme was used and reactions had gone to completion.
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Figure A2.1. Inhibition of T7 endonuclease I with single-stranded DNA. Oligo 3 refers
to the synthetic oligonucleotide 3 described in Chapter III. The ratio of the DNAs is
based on weight. Resolution implies the specific cleavage of the cruciform junction in
pSAIB.56A, converting the circular plasmid to the linear form with nicked hairpin

termini.
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Appendix 3

. mmmmmmﬂmmm& Vaccinia telomeres were cloned
origi'nall'y in yeast (DeLange, A. M., Futchef, B, Morgah, A. R. and McFaddeﬁﬁ G.
(1984) Gene 27, 13-21) and the vaccinia telomere concatameric junction was
subsequently cloned into pUC13 (DeLange, A. M., Reddy, Ix:i, Scraba, D., Upton, C.
‘and McFadden, G. (1986) J. Virol. 59, 249-259). One such bacterial plasmid, pvVCB.5,
bore a 242 base pair inverted repeat of thé telomere sequgncc's (sée Figure V.2). Unlike
plasxﬁid pSAIB.56A, pVCB.5 was isolated from bactcria‘wi't‘h,‘thcy vifal sequences
predominntly in the lineform configuration (-90%). Plasmid pVCB.5 was partially
relaxed with eukaryotic topoisomerase I and analyzed in the two-dimensional agarose gel - -
electrophoresis system, described in Chapter II, in order to determine the energy of
formation of the extruded cruciforms. Cruciformation in pVéBai had bécn verified in the
original publication by electron microscopy and other means (DeLange et al., 1986) and
its behaviour in thc 2-D gels clearly demonstrated a structural transition capable of
relaxing highly supercoiled topoisomers. The computed energy of formation related to

the transition was 58 kcal/mol.

There are 12 extra-helical bases in vaccinia telomeres, as opposed to just 8 in SFV
telomeres. This difference did not seem sufficient to account for the large difference in
stabilization energies. A rough estimate of the incremental difference that one extra-helical

base makes to the energy. calculations would be about 2 kcal/mol (based on the data in -

Table II.1, for SFV telomere schenCcs). Therefore, a AGf of 48 to 50 kcal/mol mightv

- have been more reasonable. In fact, what likely contributed to the higher AG¢ value was a
4 : . . 1

- pre-transitional ‘event that adsorbed an estimated 4 to 6 superturns. This structural
T . A .
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transition was not the previously described vector-related transition because gel migration
shifts at 20°C were signifif@ntly greater and it occurred at \$ higher estimated

supercoiling energy of 45 kcal/mol. It may represent a structural’ transition within the
long A+T stretch in the vaccinia telomere sequence. In any.event, the true AGg for the

vaccinia cruciform is probably much closer to 45 kcal/mbl, but even\ at this value and in
light of the additional structural transition, cruciformation seems highly unlikély in vivo

unless the cruciform structure is stabilized by something other than superhelical torsion.



