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ABSTRACT

Molecular modelling with Jumna is used to study
extreme stretching of the DNA double helix. The
results, which correlate well with recent nanomani-
pulation experiments, show how the double helix can

be extended to twice its normal length before its base
pairs break. Depending on the way the duplex is
stretched two types of conformation can occur, either

an unwound flat ribbon or a narrow fibre with negatively

inclined base pairs. The energetics of both types of
deformation are similar and existing structures show

that at least the flat ribbon form can exist locally under

biological conditions.

INTRODUCTION

combing experiments of Bensimenal. (2,3), DNA molecules

are attached by their ends to a glass surface, while suspended ir
a droplet of solution. This droplet is then allowed to evaporate,
causing the retreating meniscus to exert a traction on the molecule
and resulting in its extension as it becomes bound to the glass
surface. Maximum extensions of roughly two times the original
length of the DNA molecule have been measured. In the case
where both ends of a given molecule are attached, the force
exerted by the retreating meniscus is sufficient to lead to
double-strand breakage (estimated to occur [&00
picoNewtons). Measurement of DNA stretching in solution
rather than on a surface has also been possible through the use c
a novel nanomanipulation apparatus which enables a single DNA
molecule (15um in length) to be fixed to a glass fibre at one end
and to a microbead at the other. Pulling the bead using a
micropipette leads to a deflection of the glass fibre. Passing a laser
beam through the fibre and onto a photosensitive detector enables

DNA is known to be a very flexible molecule and there is alreadye force applied to the DNA molecule to be measured as a
considerable experimental data showing that importafinction of its extensiord( see als®,6). This experiment shows
deformations of the double helix occur in biologicalinat g plateau occurs in the force curve for extensions.®f1.6
environments. Amongst these one can site helix bending agghes the original contour length of the DNA molecule, implying the
kinking, base pair opening and strand separation, aIIomorpkhq.:esence of a structural transition.

transitions, supercoiling and so on. As structural data ongch experiments provide very valuable data on the physical
DNA-protein complexes accumulate, it has also become clegiynerties of DNA molecules, but give little insight into the
that proteins, either in recognising the double helix or as part gyformational changes taking place at the molecular level. In
their functional role, often induce important local distortions ang,qer to probe these mechanisms we have used the Jumna

multiple protein binding, as in the case of Reth ¢an extend
such deformations over long tracts of DNA. It is thupartant
to understand the mechanics of conformational changes which t

program {). By employing a combination of helical and internal
variables, and by optionally including helical symmetry
straints, this program greatly facilitates energy minimisation

us into the rarely studied area far from the canonical forms of g allows large scale conformational changes to be mapped out.

double helix.

Preliminary studies in collaboration with one of the groups

Before making such studies on specific protein-DNA-arrying out the nanomanipulation experiments on DNA have

comp_lexes it seems importar_lt to underst_and the behaviour of f}&wn that Jumna modelling is capable of reproducing both the
DNA itself. Unfortunately, until recently this was notan easy task|ateau observed in the force versus extension curve as well as the
Two developments have however changed this situation. Firgiiting extension of the moleculd)( On this basis, we now take

the invention of techniques for manipulating individual DNA, fyrther step and investigate the underlying mechanism of the
molecules have made it possible to obtain direct physical data @greme stretching of DNA. We also provide evidence that the
at least certain types of extreme deformatier) Secondly, resylting conformations are within the realms of biological

development of the Jumna prograr for modelling nucleic  yossibility and have indeed already been observed for short tracts of
acids has made it possible to simulate large conformationgjya

changes in reasonable amounts of computer time. We have taken -
advantage of both these developments to study one import‘mg\TERl ALS AND METHODS
aspect of DNA deformation, namely helix stretching.
DNA stretching has been studied in two types oDNA modelling has been carried out using Jumna (JUnction
nanomanipulation experiment. In the so-called moleculdvlinimisation of Nucleic Acids)®). This program differs from
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using internal and helicoidal coordinates, rather than Cartesian
atomic coordinates. All bond lengths are taken to be fixed and
valence angle changes are limited to the phosphodiester backbone
and the sugar rings. These choices enable the total number of
variables representing a nucleic acid fragment to be reduced by
roughly a factor of 10. If, in addition, helical symmetry is
imposed, then a further factor can be gained. Whereas one turn of
double helical DNA (650 atoms) is normally represented by
nearly 2000 Cartesian variables, Jumna requBe® variables
without symmetry and a minimum of only 30 variables with
symmetry. This significant reductionpupled with the use of
chemically meaningful variables (single bond rotations and valence
angle deformations), greatly improves energy minimisation.
Helicoidal coordinates are introduced by breaking the nucleic
acid into a series of -Bnonophosphate nucleotides. Each
nucleotide is positioned with respect to the helical axis system, 5
using three translational (Xdisp, Ydisp, Rise) and three rotational
(Inclination, Tip, Twist) variables. The internal movements of the =
nucleotide are represented by sugar puckering (four independent@

most molecular modelling approaches in that it represents DNA ﬁ 1} ﬁ ﬁ ﬁ
k) 5 3 ¥
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variables), the glycosidic bond and bond rotations and valence 3 3 5
angles within the phosphodiester backbone. Inter-nucleotide
links (O8-C5) are maintained using quadratic distance @ lL @

constraints, causing the bond rotations involving this linkage to

become dependent variables. - 1w ¢ stretching double-stranded DNA ( ndicate th
; ; ; ; igure 1. Ways of stretching double-strande arrows indicate the
Helical symmetry can be |mposed by S|mply equating a”extremities which are pulled. The orientation of the duplex corresponds to

symmetrically equivalent variables (rather than by introducingooking into the major groove and, viewed in this way, positive inclination
extra constraints, as would be the case with Cartesiagppears as an anticlockwise rotation of the base pairs).

coordinates). Using symmetry, it becomes possible to model
effectively infinitely long polymeric nucleic acids by optimising
the energy per monomer unit in the presence of a sufficieatir modelling study, strand separation occurs by rupture of the
number of neighbouring monomers. This procedure sav&¥atson—Crick hydrogen bonds. We also investigate the effects of
computational effort and avoids the end-effects associated witase sequence and of allomorphic form and, in particular, show
studies of oligomeric fragments. that the conformational changes induced are sensitive to the way
Jumna uses the Flex force field, developed specifically fdhe duplex is stretched.
nucleic acids {-8), which includes Lennard-Jones and
electrostatic terms between non-bonded atoms (including @ays of stretching duplex DNA
angle dependent hydrogen bonding term) in addition to valence ) ) )
angle and bond torsion contributions. Solvent damping c#iNce the double helix contains two anti-parallel strands (whose
electrostatic interactions is treated using a sigmoidal distangiection is conventionally defined as-8' on the basis of the
dependent dielectric functios,9) and counterion damping is Sugar linkages of each nucleotide), stretching can be carried out
mimicked by a reduction of the net phosphate charge to —0.8@ four different ways: (i) using the two-@rmini; (ii) using the
Although this is a rather simple model, which ignores detaile®v0 S-termini; (iii) using the Sand 3termini of one strand or (iv)
solvent and salt effects, it has been found to yield double helid#ing the 5and 3termini of both strands simultaneously (Hig.
structures, and to predict conformational transitions, in godgach of these techniques is topologically distinct and could lead
agreement with experimental data0,(1). Lastly, this to a different type of DNA deformation. Notably, it can be seen
representation of DNA enables any structural feature of the modBft the first two pathways should tend to induce positive and
to be controlled very simply. This feature has already bedifgative ba:;e inclination respectlvely (positive |n_cl|nat|on is
extensively used to map the energy changes associated \flffined as right-handed rotation of the base pairs around a
changes in sugar pucker and with backbone or helicRfeudodyad axis pointing into the major groove of the duplex)
conformations §12). Here we use adiabatic mapping as 4193). T_he result of ) _strgtch_mg _of one or both_strands is less .
function of chosen distance constraints to stretch the DNA doutstear since base pair inclination is not necessarily generated. It is

helix, successive energy minimisations being carried out wifSO probable that the deformation resulting from each of these
regular steps of 0.5 A. pathways will be modulated by the twist of the double helix,

which, under physiological conditions, is right-handed.

RESULTS

— Stretching polymeric DNA with symmetry constraints
We have used the possibilities offered by Jumna to map the g poy y y

conformational and energetic effects of stretching duplex DNANe began our studies of these different stretching processes using
Following recent nanomanipulation experimeft®) described polymeric DNA with three regular base sequences: poly(dC—
in the Introduction, we have stretched DNA to its limit when, irdG)-poly(dC-dG), poly(dT—dA)-poly(dT-dA) and poly(dC—dA)-
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Figure 2. Deformation energy curves (Kcal/mol) as a function of relative
extension for B-DNA under dinucleotide symmetry constrairi@, (3
solid line; 85, dashed line; '3, dotted line): ) alternating CG
sequence)) alternating TA sequence.

poly(dT—dG). Due to the choice of repeating sequences we can
impose helical symmetry on the DNA duplex and, by considering
16 base pair interactions on either side of a double-stranded
dinucleotide unit cell, we can effectively model an infinite length
polymer. This approach simplifies the conformational space to be
studied by strongly reducing the number of independent variables in
the system. A comparison with unconstrained simulations is
presented in a following section.

Using this approach, the deformation energy as a function d?_gUfte 3-9?;T?fmaf,i0ns of B'D’_\LA ‘]{Viﬂ? a”t;"fef,naﬂng, thh5 Sequtenci t(EN]ﬁ is
streiching an altemaling CG sequence is shown in Figure _STeries i s mlorgooue sde e e vewer 1 the cente e e
Stretching can be conveniently measured as a relative extensiar (eft to right) along the various stretching pathwa)s3 @, (b) 55
RE, that is equal to the actual length of DNA divided by the length
of the corresponding relaxed conformation. The energy cost of
fully stretching the DNA duplex turns out to be roughly similar
whichever way the pulling is p_erfom_]e.d. All energy curves Sho‘gtretching the 3 ends of duplex DNA
that[BO Kcal/mol per nucleotide pair is necessary to stretch the
duplex to a little more than twice its normal length, although thalthough the energy variations do not depend strongly on the way
3'3 pathway is less favourable for extensiens.5. Beyond an  of pulling, this is not true for the conformational changes that are
extension of(R.1 times the initial length, the base pairs arénduced. Figure8A shows three steps along thH8' Jtretching
completely broken and the two strands slip with respect to opathway, at relative extensions of 1.3, 1.6 and 1.9. Since the
another. All the energy curves in Fig@rghow sharp jumps in the helical rise between successive base pairs necessarily increases &
energy during the stretching process (most pronounced for tthe duplex is stretched, the conformation must change to maintain
55 and 33 curves). These jumps correspond to suddewertical stacking interactions. At the initial stage of stretching this
conformational rearrangements induced during stretching. THeads principally to base pair buckling, however, as stretching
effect is necessarily amplified by using regular repeating bageogresses, the minor groove opens and buckling is replaced by
sequences and imposing symmetry constraints on D& ( the formation of intercalation sites at each CpG step and restored
infra). stacking at the GpC steps. Note that stacking is sacrificed
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Figure 4. Conformations of B-DNA at its extreme stretching limit as a function
of the stretching pathwaya)(33', (b) 55, (c) 53'". Each figure shows, from

left to right, the conformations obtained successively with the CG, TA and CA
alternating sequences (DNA is oriented with its major groove side facing the
viewer in the centre of the figure).

intercalation sites for a number of simple chromophdadtés (
Further stretching eventually leads to renewed base pair buckling,
strong base pair propeller angles and, as initially predicted, to
positive inclination. These deformations begin to disrupt the base
pairs which initially lose the G(N2)—-C(02) hydrogen bond, but
this is compensated by the formation of a G(N7)—C(N4) bond
between successive base pairs of the stacked GpC steps.
Stretching must be continued until a relative extension of 2.1 in
order to break the remaining hydrogen bonds. The final structure
which results from the'3 stretch is completely unwound and
forms a ribbon with the phosphodiester strands on its edges and
the base pairs lying directly above one another4Bj)gNote that
although the ribbon has no overall twist, this actually results from
a compensation between a positive twist for the stacked GpC
steps [B5°) and an equal negative twist for the unstacked CpG
steps. DNA is stretched to more than two times its normal length
largely by repositioning the bases within the double helix.
Relatively little change is seen in the backbone angles or the sugar
puckers, apart from a tendency of ¢hdihedral to move from

g~ towards t and amy transition gg* - tt for the GpC steps at the
end of the stretching pathway (of the type observed in certain
preferentially at the steps which have a lower stacking energyatigonucleotide crystal structures). The only other notable

the relaxed DNA duplex (CpG: —6.3 Kcal/mol versus —13.8 Gp€hange involves the guanidine glycosidic angle which moves to
Kcal/mol). These steps are also well known as the preferentekyn conformation as the structure deforms.
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Stretching the 8 ends of duplex DNA pair—thymine via a T(04)-T(N3) bond and adenine through an
o, . N intrastrand A(N6)-T(02) hydrogen bond. Despite these
If we now consider'S’ stretching shown in Figuréb, early  geformations, backbone modifications are again limited to more
stages of the stretch again induce base pair buckling coupled wj ativef andy values and nay transitions are observed.
partial unwinding. However, the inclination of the base pairs iS The 85 and 53' pathways again resemble one another with
now negative, as expected, and the minor groove width is reducgth g negative base pair inclination leading to a narrow fibre
with extension. As stretching continues, no intercalation sitggi, the hases on the major groove side and the phosphodiester
appear, the buckling remains and the bases pairs adopt fngs close together on the minor groove side 4bignd c).
increasingly negative inclination. In contrast to #®@athway, - thege conformations are dominated by interstrand stacking,
only moderate unwinding occurfS5(—10° per base pair step). inolving TT and AA pairs on the'S pathway and TAAT
?eyorgjd tarl]relan_ve extenspr& of flth? ’ (tjhe Ibas:e pairs break op§(isters on the'S pathway, very similar to the CGGC clusters
owards theé major groove side of (n€ duplex, 10SIng SUCCESSIVEYan \with the CG alternating sequence. Also in common with the
their G(O6)-C(N4) and G(N1)-C(N3) hydrogen bonds. Thig sequence, the hydrogen bond on the major groove side of the
brings together the phosphodiester strands on the minor groQygse nairs, here an A(N6)-T(O4) bond, is the first to break,
side of the duplex and improves the interstrand stacking of t flowing the bases to open outwards to the major groove. The fact

guanines. Finally, clusters of CGGC bases are formed, WR4: the 53 ' bath | ther i P
intrastrand CG (or GC) stacks being coupled with an interstratrgO e 53 and 55 pathways resemble one another is again in

X : “line with the lower deformation energy of the latter pathway
GG stack. This deformation Ieads to a very narrow duplex wi mpared to the formation of th&3ibbon structure (Figb).
bases thrust outwards on the side of the major groove and almoq_tasﬂy we consider the alternating sequence CA whose
aligned with the axis of the duplex, quite unlike the flat ribbo%tretche,d conformations are also shown in FigtireThis
obtained by the'3" stretch (Fig4b). Once again, changes in o4 ence behaves similarly to the others studied for 3otn@
backbone conformation are limited to more negative valugs of 55 siretching. The final’3” conformation is once more a flat
anay g-g* -t transition at both CpG and GpC steps and changesyon although it is narrower than those of either the CG or TA
in the glycosidic angles which become more negative, agaifilq ences due to the formation of interstrand AG and CT
showing a strong correlation with inclination.  (Negativegi,cking. The ' pathway, as expected, forms a narrow fibre
inclination however pushes the nucleotides further into the anfk, negatively inclined bases, involved in stacked CAGT

domain and can consequently continue without resistance frQffi sters~ The surprise with this sequence comes from'3he 5
either purines or pyrimidines.) We can see from these results t Ehway which, unlike the former sequences, forms a ribbon

the intrinsic handedness of the DNA duplex does indeed strongly«5rmation most closely resembling tH&' 3ibbon of the TA

modify deformation as a function of the stretching pathway.  ajtermating sequence. This result, which can be related to the relative

_ _ stability of the 3' stretching pathway for small relative extensions
Stretching a single strand of duplex DNA (results not shown), demonstrates that pulling on a single strand of
the DNA duplex can lead to either of the characteristic

Lastly, what happens when we only stretch one strand of t Bnformations obtained by pulling bothd® 5 extremities.

duplex? The conformation obtained for the alternating C
sequence (Figlc) in fact strongly resemble those along tta 5
pathway and consequently lead to the narrow fibre-lik€alculations without symmetry constraints

conformation with negatively inclined bases. Even the energy

jumps occurring along the stretching pathway, corresponding b order to test the effect of symmetry constraints upon these
sudden conformational rearrangements, are almost identical f&culations, we have firstly repeated the various stretching
the 83 and 35' energy profiles, apart from an offset of roughlypathways for the alternating CG and TA sequences replacing the
RE = 0.1 (Fig2a). Since this type of deformation, and notably theétormal dinucleotide constraint with a decanucleotide constraint.
negative inclination, is notimposed by pulling a single strand, thighis change, while allowing us to continue to simulate an
result confirms the energetic preference for this pathway, at ledgfinitely long polymeric DNA, increases the number of degrees
for relative extensionsl.5 (Fig.2a). of freedom in the system by a factor of five. The results obtained
in this way yield very similar conformations for both tH& 8nd

5'5' stretching pathways, whichever base sequence is considered.
The deformation energies per base pair are however smaller, for
The deformation energy curves for the AT alternating sequeneey given relative extension, and the energy curves are smoother,
are shown in Figur@b and have a similar appearance to thossince sudden conformational changes are not obliged to occur at
obtained with the alternating CG sequence. However, the tothke same moment within every dinucleotide step. For 'Bie 5
energy needed to fully stretch DNA drop§iid Kcal/mol, only  pathway, the results with the TA sequence are again very similar
half the value found for the alternating CG sequence. e 3to the dinucleotide symmetry results, however, the CG sequence
pathway again leads to a ribbon-like structure, similar to thaow goes to a ribbon conformation almost identical to that of the
obtained with the CG sequence, although unwinding is still n@3' pathway. This once more emphasises that stretching a single
complete at a relative extension of 1.9 (F#n). This strand of the duplex does not predetermine the type of
conformation however has very different hydrogen bondingleformation pathway that will be followed. Since the
Relatively early in the stretching pathway, alternate AT base panleformation energy curves are relatively smooth under
become very distorted and finally rupture. In consequencdgcanucleotide symmetry constraints it is possible to make a
alternate thymines interact with a total of three other bases—thplynomial fit and to derive these polynomials to obtain the force
usual paired adenine, via a single A(N6)—T(04) hydrogen bondecessary to stretch the DNA. The resulting curves either show
and with both of the bases of the disrupted neighbourirgforce plateau or a sinusoidal variation of the force in the region

Base sequence effects
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between relative extensions 0t.3-1.7 with forces varying
between 150 and 350 pN. These values are higher than the re¢ent
experimental result of 70 pM)( but exact agreement cannot be
expected given the sensitivity of the force to the exact shape of the
deformation energy curve and the limitations of the simplified
model presently being used.
In order to take a final step towards simulating a long
unconstrained DNA fragment with an inhomogeneous base
sequence, we have carried out calculations on a 15 base pair
oligomer with the sequence GCGTATATAAAACGC. This
oligomer was stretched to a relative extension of 2.0 using both
the B85 and 33 stretching pathways. The conformations;
obtained along these pathways again resemble respectively &he
fibre and ribbon structures discussed above although tthe
deformation develops inhomogeneously, the GC-rich ends
deforming first along the'S pathway and the central AT-rich
segment deforming earlier along th& pathway. There is also
some irregularity in the fully stretched structures, with partial
base pair breakage being limited the 3-5 central nucleotide pairs.
Energetically, the'S' stretching pathway is preferred, leading to-
a deformation energy per nucleotide pair of 2 Kcal/mol at RE
1.6, which is the same as the value obtained by fitting to the
experimental resultgl). In contrast, 3 stretching to the same
relative extension requires 5.7 Kcal/mol (and leads to a forceigure 5.Conformations of A-DNA at its extreme stretching limit as a function
plateau attB00 pN). The energetic preference for the fibreof the stretching pathway and sequence. From left to rightCS5 alternating;
structure is again confirmed by the fact that stretching a singl%g' TA alternating; %', CG alternating;'s', TA alternating. (DNA is oriented

strand of this oligomer again leads to the fibre-like conformationWith its major groove side facing the viewer in the centre of the figure.)

Stretching A-DNA occurred beyond a relative extension of 2:1@.2 ,3). It is
. . o ) _remarked that the[1l.7 times stretching limit of recent
It is worth briefly considering whether different allomorphicnanomanipulation experiments on single DNA moleculpss(

forms of the double helix respond in the same way to this type gfie to breaking the molecular ‘scotch-tape’ holding DNA, rather
stress. We have addressed this question with some prelimingiyn to the rupture of the DNA molecule itself.

calculations on A-DNA. Studies were made of both CG and TA The energetics of stretching show only a minor dependence on
alternating sequences by th&3and 35 pathways. The final the way the duplex is pulled, but base sequence does have an
conformations of these four simulations (F&).show that influence, GC pairs leading to greater resistance than AT pairs.
changing the allomorphic form indeed affects stretchinghe force versus extension curves deduced from our modelling
deformations. The'3 structures differ principally by an increase correlate well with the experimental measurements on single
in positive inclination, while the’S pathway leads to smaller pNA molecules and show a force plateau between relative
negative inclination and less unwinding. The bases rema#itensions of1.3-1.7. The height of the theoretical plateau
between the phosphodiester strands rather than being pushedy@iteases when helical symmetry is relaxed, but remains at least
to form a fibre-like structure. These change can be linked to thgice the experimental value of 70 picoNewtons.

natural preference of A-DNA for a positive inclination, which  The most striking result of these studies is that there are two
apparently continues to be felt in the stretched forms. Inclinatigfistinct conformational pathways for stretching duplex DNA.

is once again directly coupled to the glycosidic torsions and thghich path is followed depends on which ends of the DNA
high positive values at the end of th& pathway lead the purine guplex are pulled: pulling the’ 2nds leads to a flat ribbon
nucleotides of both sequences to enter the syn domain. Lasfiynformation, whereas pulling theshids leads to a narrow fibre
both pathways also shawy transitions (gg* - tt), partial g~t  with strongly negatively inclined bases. Still more surprisingly,
transitions i€ and, for the CG sequencéy'Stretching forcesthe  pyliing both ends of a single strand of the duplex also leads to one
cytidine sugar to change from ‘@hdo to C2endo. All these  of these two forms and the same is true when both strand of the
modifications help in Ie_n_g_themn% the phosphodiester backboggplex are pulled simultaneously. The latter result can be explained
of the A-form which is initiallyClL A shorter per nucleotide step py the fact that the relatively rigid base pairs forming the centre of

than that of B-DNA. the duplex transmit stress very effectively from one strand to the
other. However, in order to understand why there are only two routes
DISCUSSION for stretching, it is worth considering a little geometry.

We have already remarked that stretching occurs largely by
The modelling we have carried out shows that DNA can bepositioning the base pairs within the duplex and that relatively
stretched, largely by base pair reorientation, to roughly two timdittle deformation is seen within the phosphodiester strands. If, to
its original length before its base pairs must be broken. This resaltfirst approximation, we assume that the inter-phosphate
is in good agreement with the maximal extension observed distance L within each strand remains constant then, as Bigure
so-called DNA combing experiments, where strand breakaghows, there are indeed two ways to increase the rise R of the
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preliminary calculations with Poisson-Boltzmann electrostatics,
using Delphi {7), show no destabilisation of the fibre form.]

It would, in principle, be possible to stabilise the ribbon form
by filling the gaps created between successive base pairs and this
is indeed what happens when intercalating molecules interact
with DNA. Stabilisation can also come from interaction with
another macromolecule and there are indeed cases of
protein—nucleic acid complexes which contain locally stretched
DNA resembling our ribbons. Such conformations are induced by
the minor groove binding proteins, SR¥8| and TBP {9,20),
which both unwind and stretch the duplex over 4 to 5 base pairs,
leading to local relative extensions of 1.83 and 2.16 respectively
(close to the known limiting values). It is also interesting to note
that in the case of the TATA box, an analysis of the bound DNA
(21) shows both a transition to A-like sugar puckers and a strong
R=[L%- (@pfY" positive inclination in line with our findings for3 stretched
ap A-DNA. SRY also induces C&ndo sugars at its binding site.
These deformations finally also involve the intercalation of
protein side chains between the separate bases of the deformec

Figure 6. Schematic model of DNA stretching: maintaining a constant ; ; ; ; ;
inter-phosphate distance L within each strand of the duplex, stretching to tWictIaDNA (22)' (A more detailed discussion of local StretChmg and its

the normal rise R can be achieved by reducing the twist@ogley reducing role. in prOte'n_ b'”de will be published elsewhere.) .
the radius P of the duplex. Since proteins can induce such local structures resembling the

ribbon form of DNA one must conclude that the large forces and
deformations associated with extreme stretching are not
incompatible with biological activity. Since, in addition, our
Huodelling suggests that the energetics of ribbon and fibre form
tretching are similar, it seems reasonable to suppose that the fibre
orm may also occur in biological environments. (It is finally

_ L : ; interesting to add that the existence of the fibre-like form appears
= L therefore implies stretching the duplex by slightly more thafi! ; g

two times.)8P can be made zero either by unwinding the heli{® P& supported by the early experiments of Willinal on
(6-.0) or by reducing its radius (F0). stretched DNA fibres 2(3) which observed an important

In practice, when the 8nds of a right-handed duplex DNA arereduction in fibre diameter and also provided spectroscopic

pulled, the bases tend towards positive inclination and the groggédence of base pair inclination). [Note: The coordinates of the

widths increase 1¢). However, as pulling continues further Sr€tched DNA conformations (in the form of .pdb files) are
inclination is opposed by coupled changes in the glycosid%va'lable from the authors upon request (rlavery@ibpc.fr).]
angles which lead into the syn domain, unfavourable for

pyrimidine nucleotides. Due to this restriction, unwinding takeACKNOWLEDGEMENTS
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