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Pulling hairpinned polynucleotide chains: Does base-pair stacking
interaction matter?
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Force-induced structural transitions both in relatively random and in designed single-stranded DNA
(ssDNA) chains are studied theoretically. At high salt conditions, ssDNA forms compacted hairpin
patterns stabilized by base pairing and base-pair stacking interactions, and a threshold external force
is needed to pull the hairpinned structure into a random coiled one. The base-pair stacking
interaction in the ssDNA chain makes this hairpin-coil conversion a discontin(fossorde)

phase transition process characterized by a force plateau in the force-extension curve, while
lowering this potential below some critical level turns this transition into contin(sersond-order

type, no matter how strong the base-pairing interaction is. The phase didg@nding hairpin-I,

-1, and random coljlis discussed as a function of stacking potential and external force. These results
are in quantitative agreement with recent experimental observations of different sSDNA sequences,
and they reveal the necessity to consider the base-pair stacking interactions in order to understand
the structural formation of RNA, a polymer designed by nature itself. The theoretical method used
may be extended to study the long-range interaction along double-stranded DNA caused by the
topological constraint of fixed linking number. ®001 American Institute of Physics.

[DOI: 10.1063/1.1368401

I. INTRODUCTION tional space is very large, and the equilibrium configurations
are determined by the competition between entropy and the
Single-macromolecular manipulation techniques, such agteraction energy. To investigate how base pairing and base-
atomic force microscopy and optical tweezer methods, wer@aijr stacking influence structure formations of polynucle-
recently used by many authors to investigate the mechanicgide is therefore of both biological and theoretical interest.
properties of double-stranded DN@SDNA) and to under- Recent measurements demonstrated that the structures of
stand how the tension in dsDNA influences the i”teraCtiOniolynucleotides are sensitive to the ionic strength of the
between DNA and proteins such as RNA polymerases, typsqueous solutioh®-221n a high salt environmenffor ex-

Il topoisomerases, and RecA proteiffisr a brief review see ample, 150 mM N& or 5 mM Mc?*), electrostatic repulsive

Ref. .D' Many qseful insights _have been obtained through Forces between the negatively charged nucleotide phosphate
detailed analysis of the experimental data generated by thesc—FOu s are laraely shielded and base-pairing is favored: fur-
precise measuremengsee, for example, Refs. 2)9These group gely P 9 '

: . thermore, experimental observations suggested the formation
new experimental techniques were recently used also on

RNA and single-stranded DNAsSDNA) to explore the of hairpinned configurations in ssDNATo understand the

structure formation of these polynucleotide’$-12 A RNA hairpin formation in ssDNA and RNA, Montanari and

or ssDNA is a linear chain of nucleotide bases. At physi-'vIezard sqggeited very ) regently ? model for thgse
ological conditions(concentration~0.1 M Na" and tem- polynucleotides? Base-pairing interaction is considered in
perature~300 K), RNA molecules in biological cells can their model, and their theoretical calculation can reproduce

fold into stable native configuratior@s in the case of pro- the experimental force-extension curve measured on a
teing to fulfill their various biological functiond® The  SSDNA chain whose nucleotide bases are arranged in rela-
higher-order structures in RNA and ssDNA are caused by thévely random order. It can be showsee below and also
possibilities to form base pairs between the complementarﬁef- 14 that the force-induced structural transition in ssSDNA
nucleotide bases, A and (T, in the case of ssDNAand G  is a second-order continuous phase transition process, char-
and C. These structures can be further stabilized by the vefcterized by a gradual decrease in the number of base pairs
tical stacking interactions between nucleotide base pairs. In as the external force is increased beyond a certain threshold
long polynucleotide chain, because there are a great maryalue.
different ways to form base pairs, the accessible configura- On the other hand, Riedt al'® observed a quite differ-

ent phenomenon: When they pulled a ssDNA chain made of

dAuthor to whom correspondence should be addressed; electronic maiPO|y(dA'_dT) or poly(dG-dQ sequence apa_trt with an atomic_
zhou@mpikg-golm.mpg.de force microscope, they found that the distance between its
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two ends suddenly changes from nearly zero to a value consome qualitative arguments concerned with the structural
parable to its total contour length during a very narrow forcetransitions in the model of ssDNA; in Sec. IV we perform a
range. direct comparison with experimental observations. The main
A question thus arises: Why is the force-induced strucpoints of the paper are summarized in Sec. V, accompanied
tural transition of ssDNA gradual and continuous in one cas®y some qualitative discussions on RNA secondary structure
and highly cooperative in the other case, even though théormation. We suggest the possibility to extend the theoreti-
solution conditions in these two kinds of experiments arecal method in this paper to address the long-range interac-
comparable? We noticed that there may be strong base-pdions along topologically constrained double-stranded DNA
stacking interactions in the designed ssDNA chains, whilenolecules, i.e., dsDNA with fixed linking number.
stacking interactions are absent or negligible in the relatively
random sequences. We have previously shown that the shoft- MODEL OF SSDNA WITH BASE-PAIR STACKING
ranged base-pair stacking potential in dsDNA dominates thiNTERACTION
energy contributiotf and it is the reason both for the stabil- The model used in the present study is similar with that
ity of dsDNA and its high extensibility at large forcé81ls  developed earlier by Montanari and ked>* albeit with
the dramatically different experimental observation of Riefbase-pair stacking potential included. We discuss a fictitious
et al'® (compared with those of Refs. 1,11 and taused by polymer chain made oN tiny beads(base$ with index i
base-pair stacking interaction? Given the fact that the stackfom 1 to N (each base in the model may correspond to
ing potential is a kind of short-rangédearest-neighboiin-  several bases in a realistic polynucleojidgetween any two
teraction, does the cooperative transition reported in Ref. 1&djacent bases @ndi+ 1) there is an elastic bond of equi-
for such an one-dimensionélD) system really differ quali- librium lengthb and length varianck(I<b, i.e., the bond is
tatively from that observed in Refs. 1 and 117 considerably rigigl For any two baseisandj, if their mutual
To address these questions, we extend the work of Mondistance|r;;| is less than an interaction radiasthere could
tanari and Meard“ to include the effect of stacking interac- be a pairing potentia‘i/'p'a‘m(rij) (and we say that airj base
tions, and thus obtain a more realistic model for polynuclepair is formed; and if any two base pairs are nearest neigh-
otides. We find that when the base-pair stacking potential iors to each othdthat is,i-j and (+1)-(j—1)], there is an
small, the ssDNA chain is in a hairpinned macro-state withadditional stacking interactiod{;ﬂ;ll(rij Tir1j-1). In this
the base pairs only weakly stackédhirpin-l), while when  work, as what is assumed in other previous theoretical
the stacking potential is large, the ssDNA is in a hairpinnedreatments2-2°only the secondary pairing patterns are con-
macro-state with almost complete pairing and stackingsidered, which leads to the following constraints on the pair-
(hairpin-1l). The force-induced transition between hairpin-ll ing between baseg1) Each base can be unpaired or be
and random coil is first-order, while the transition betweenpaired to at most one another ba&®; if basei is paired to
hairpin-l and random coil is continuous. There is also a conbasej (supposea <j) andk to | (k<l), then eithei <j<k
tinuous phase transition between hairpin-I and hairpin-11,<| (“independent*) or i<k<I<j (“nested”).
which may be induced by changing the nucleotide arrange- Because of these restrictions, the partition function can
ment or by environmental variations in temperature or ioniche calculated iterativel{#8°In the case when the pairing
strength. A simplified treatment of the same question wadnteraction radius is far less than bond equilibrium length
reported earliet’ (a<b), the total statistical weighZ; ;(r) for a polynucle-
The paper is organized as following: Section Il intro- otide segmentfrom base to j) whose ends being separated
duces the theoretical model of ssDNA; and Sec. Ill presentby a distance is expressed as

j—2
Zj,i(r):f dUM(U)ijl,i(r_U)+fji(r)f duldUZM(ul)M(UZ)Zj71,i+1(r_ul_u2)+k;+1 j du;duydusdvu(uy)
><M(Uz)M(U3)f1k(V)Zk—1,i(r_U1—V)Zj—1,k+1(V_U2_U3)+S(a_|r|)exﬂ_ﬂV£)'ai\iﬁ(r))f duydu,p(uy)

j—2
xu(uz)g{;ﬂjll(r,r—ul—uz)ZJ“i)lﬁl(r—ul—u2)+k2 ) j du,du,dusdvs(a—|v|)

Sy

Xexp— BVLéﬁH(V))gf;’,Ljrll(V'V_ Up—Ug)Zy—1i(r—uy— V)ZJ(B)LH 1(V=Uy—Us). (1)

Here, u(r)<exp((r|—b)?/212) is the probability density gral on the right-hand side of the equality in Eq), an
for the bond vector; f;(r)=exd— {;;i,(rij)]—l charac- vanishing pairing potential between the end basand
terizes the pairing interaction between basasdj (this viral ~ any another base is assumed and the contributions of all
expansion fornf is introduced because that, in the first inte- these possible base-paired configurations are included. Such
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spurious contributions should be removed since the pairing £2b3

potential is actually nonzeyp s(x) is a signal function, EP(¢,p)= 3J’ dgo?(9)y' (p—q)

s(x)=1 if x=0 and O otherwise;gl!;1(ri;.ri+1j-1) (2m)

:exp[—,BJ{;i';ll(rij .fi+1j-1)]—1 characterizes the base-pair X[E(Z,p)+9EP(Z,q)], (6)

stacking interactionthe reason for the introduction of the _ -
viral coefficientg can be similarly understood as that for the Where o(p) =fdr,u(r)(§>;p6p-r) = (sinpb/pb)exp(—p |,/2),
introduction of the viral coefficient). Z(?) is the statistical With 0(0)=1; ¥(p)=b""J|;j<adrf(r)expp-r) and y'(p)

weight for a ssDNA segment whose two end baseandj) = V(p),“L(a/b)s- Sincea<b, we havey’=y and bothy
forming a base pair and y’ can be regarded as independent of momenfum
Then Eqgs.(5) and(6) lead to
Z0)(1) =s(a~ 1 exp(— BVE() | dusduznuy) m(uy) cirpe_ PO
K pai BElp)=—-——, 7
P T oD () i
ijfl,i+l(r_ul_u2)+s(a_|r|) where
. = =P ()= — 3 2
X expl— BVl 1)) f duyduzpe(u) w(Up) D)=L+ EEPD == ml+ ml+L, ®

N with coefficients, a constant andy, related toD:
Xl —u—u)ZP o (r-u—u,). ()
. _ , n1=97b3(277)’3f dgo®(q)=gy(4m)~34bll), (9
The statistical property of this model system is deter-
mined by the coupled equatiori$) and (2). In the general
case where the pairing and stacking potentials are dependent 7,(D)=D 5| 1+ (b?l/g 7T3’2)J dqm
on base index, it is certainly of no hope to investigate the o9
property of the system analytically. Here we simplify our Equations7) and(8) are the central equations of this article.
task by assuming that the pairing and stacking potentials When a external forcé is applied at the end of the
between any bases have the same form, i.e., assuming t88DNA chain, the total partition function iSZE,
polymer chain to be homogeneattsThen in Eqs(1) and(2) = JdrZy(r)exp(—BF-r). The Laplace transform of this par-
all the subscripts specifying specific bases can be droppetifion function is calculated to be
especially we can writé;; (r) asf(r), Z; i(r) asZ;_i(r) and o
Z{P(r) asz{’;(r). In the model, the stacking potential isa S ZEN=E(z,~iBF), (11)
function of the interbase distances for the two base pairs N=0
concerned. Since the base pair’s interbase distance is usualbﬁereE(g,—i,BF) is determined by Eq(7).
very small(less thana), we can approximate the stacking oy 3 linear polymer system, the free energy is an exten-
potential to be constant in this range, and hence we jusfiye gquantity proportional to the number of monombsrn
denote the stacking potential to be a consthand denote  the thermodynamic limit. This indicates that the smallest
9=0!11(ri,jMi+1j-1) =const. . . positive singularity point of the functio& (£, —i8F) in the
The Fourier transforms of the generating functions, ariapie ¢ corresponds to the free energy density of the
(Laplace transformsof the statistical weights are defined as spNA chairf223 This point is used in the next section.

2
G U

E(g,m:fdr(z zn(r>§“)exmp-r> (3
n=0 I1l. QUALITATIVE ANALYSIS OF THE HAIRPIN-COIL
TRANSITION
and
. Itis evident that= (£, —i8F) has a pol€ e determined
EP(,p)= f dr( 2 Z‘n’”(r)g“)exp(ip.r). @
0=
D (&potd) = Llo(—iBF)= .'Biexp( - B%F212%12), (12
Considering the iterative expressions m{andzgp) in Eqgs. sinh(BFb)
(1) and(2), we can show that whereF =|F|. The function at the right side of the equality
monotonously decreases wikhfrom 1 atF=0 to 0 asF
E(,p)=[1+{a(p)E(L.P)] —o. On the other hand, the functidd(¢) is related to the
(20 Laplace transform of the hairpinned configurations as indi-
x| 1+ U dga(q) y(p— ) E(£,q) cated by Eq.(8), therefore,D({) has a finite convergence
)3 radius, and it is an increasing function @before this radius

is reached. The singularity & (¢) is related to the roots of
+ 2 "(p—q) =P } Eqg. (8). Although analytical expressions for the roots of this
gf dgo™(a)y"(p~a) (&,9) © third-order equation are available, they are lengthy and here
we discuss the statistical property of the system through an
and alternative routine. First we consider two extreme cases:
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Case A: the base-pair stacking potentia=0. In this 1 ' ' '
caseg=0 and ;=0 and Eq.(8) reduces to second-order.
This situation has been studied by Montanari andzatd*
and they found thaD({) has a second-order branching 0.8 -
point at {,, equaling to the maximum of the expression /
(—1+V1+4Dn,)/27n,, which is reached aD=Dy,<1. 06 [
When the external force is less than the threshold vElye R Y A No. of base-pairs (Nop )
determined by Eq(12) at D=Dy,, the polymer resides in
the hairpinned phase with zero extension, and the free energy o4
density equals to ¢(F)=(1/8)Ing,, and is force-
independent. AF=F_, there is a second-order continuous
hairpin-coil phase-transitioribecaused{/dD=0 at Dy,), 02 ¢ . -
and the free energy density is changed tb(F) r
= (1UB)IN(Zpote)- . . . .

Case B: the stacking potential J so large thatg. In 0 2 4 6
this case, Eq(10) indicates thaty,=D %, and Eq.(8) is Stacking Potential (kg T)
equivalent to

--=-=- No. of stacked base—pairs (Nsbp )

—— Nepp/Npp

FIG. 1. The relationship between the order paramétgy,/N,, and the
effective stacking potential. Heléy, is the total number of paired basés
(+ I/M)(é'— D)({— 1/@) =0. (13 units of N/2), andNgy, is the total number of stacked base pdaso in
units of N/2). In the numerical calculation of this figure, (it accounts for

We readily see that Whegl/\/a the smallest positive the pairing intensityis set to 1.9 and external forée=0.
root of this equation ist=D; and whenD>1/\/7,, the
smallest positive solution is a constant=1/\7,

tacki tential. In this fi is fixed to 1.9(just
«(gy)~ Y2 Most importantly, we havelZ/dD=1 asD ap- stacking potential. In this figure is fixed to 1.9(just serves

hes 47, f bel A (B F as an examp)eand the external force is set to zero. We see
proaches 4y, from below. AS a consequence, IBF~Fer  hat a5 the stacking potentidincreases, all these three quan-

which is determined by Eq12) with D=1//7,, the POy~ fities increase and they approach 1 Jseaches aboud,,
mer is in the hairpinned state and the free energy density is. 6ksT. The ratioNg,,/Np, could serve as an order param-

¢(F)=—(3B)In 7.=—(3B)In(g) (again independent &F).  eter. Figure 1 shows that when stacking potential is high,
For F>F the system is in the random coil state, andaimost all the nucleotide bases are paired and stacked:; low-
#(F)=(1/B)IN(Lpoid) - Here Lo is determined by Eq(l2)  ering stacking potential fromd>J,, to J<J,, there is a con-
(with D= {pqe). At F=F, there is dfirst-order hairpin-coil  tinuous phase transition where such a highly stacked con-
phase-transition, resulted from the fact tie¥dD|p-1/ 57  figuration is gradually melted out and a growing fraction of
=1. bases becomes unpaired and unstacked. This is a structural
Comparing case A and case B, we have the impressiotransition between a highly stacked hairpin macro-state
that the inclusion of base-pair stacking interaction may drathairpin-1l) and a loosely stackedor irregulay hairpin
matically change the statistical property of the ssDNA sys-macro-state(hairpin-l). This hairpin [-II transition is in-
tem, even the order of the hairpin-coil phase transition. Thigluced by changing the average effective base-pair stacking
is understandable qualitatively. The stacking interaction hammteraction in the polymer. Giving a polynucleotide chain,
two effects:(1) It makes base-pairing even more favorable;macroscopically the effective base-pairing interaction is de-
and(2) it causes the formed base pairs to aggregate into largeermined mainly by its base composition, while the effective
stacked blockgsee Ref. 24 Since the order of the hairpin- stacking potential is determined mainly by the particular ar-
coil transition is related to the intensity of the stacking po-rangement of the bases along the chain. Hence, for different
tential, the hairpin macro-state at low stacking intensity ispolynucleotides with the same base composition, the folded
anticipated to be different to the hairpin macro-state at higthairpin configurations may be quite different and fall into
stacking intensity, and a continuous phase transition betweemo gross catalogue, dependent on their particular base se-
these two hairpin macro-states can be predicted as the aveguence arrangement. This is consistent with the observation
age base-pair stacking intensity changes. This insight is corthat certain RNA chains have unique stable native configu-
firmed by observing how the order parameter of this systemnations. The transition between hairpins-I and -Il can also be
changes with stacking potential, as shown in Fig. 1. Later wénduced by temperature changes or variations in solution
will refer to the hairpin macro-state at low stacking intensityionic concentrations.
as hairpin-l and that at high stacking intensity as hairpin-II. It should be mentioned that the critical stacking potential
In the general case, the average number of base-airs J., is not sensitive to the pairing potential. This can be seen
units of N/2) is calculated according t,,= —2d¢/dIny,  from the fact that the hairpin I-II transition occurs when the
and the average number of stacked base fals® in units second term in the square brackets of ELf)) approaches
of N/2) is Ngpg= —2d¢/dIn g, and the relative extension of zero, a condition which is solely satisfied when the stacking
each ssDNA bond along the direction of the external force igotential(and hencey) becomes large.
obtained byEx= —d¢/IF. The force-induced hairpin-coil transition is then second-
We demonstrate in Fig. 1 how the valuesMy,;, Ngpp, order or first-order depending on whether the hairpinned
and the ratioNg,,/Ny, change with strength of base-pair configuration is type | or type Il. In Fig. 2 the force vs ex-
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FIG. 4. Force vs extension curves for a ssDNA polymer with its bases

FIG. 2. The relationship between the average end-to-end extension of endomly ordered. The experimental data come from Reffslubes and 12
polynucleotide and the applied force at different effective base-pairing andsquarel and the ionic concentration is 5 mM ¥Ig. The theoretical cal-
base-pair stacking intensities. Hevalenotes the Kuhn length of a ssDNA culations are performed with=1.7 nm and =1.105 A, and the other two
segment;y accounts for the intensity of the pairing potential between nucle-fitting parameters§ andJ) are listed in the figure.
otide bases, andlis the effective stacking potential between nucleotide base
pairs.

this section we apply these results to attain a quantitative
tension relationship for ssDNA at different pairing and StaCk-understanding of some reported experimental findings.
ing interaction intensities are shown. As is expected, at large  Bustamantet al. and others**?have pulled a plasmid
stacking intensity, there is a broad force-plateau and thissDNA fragment of 10.4 kilo-bases under different ionic
force-plateau disappears as stacking potential is lowered. It isoncentrations. They found that the elastic response of
striking to notice that only the inclusion of base pair stackingssDNA deviates from that of a random coil both at high and
interaction can lead to the appearance of a highly cooperativg: low ionic conditions. It was suspected that in high salt
hairpin-coil transition. As shown also in Fig. @he dot—  environments there is partial hairpin formation in the sSSDNA
dashed curve if J=0 the force-extension curve is always chain!'! As is consistent with this insight, Fig. 4 demon-

continuous and gradual no matter how strong the basestrates that at high salt conditions, the ssSDNA made of such

pairing interaction is. a relatively random sequence can be well modeled by the
These theoretical predictions are summarized in thgyresent model with an effective base-pairing interaction
qualitative phase-diagram depicted in Fig. 3. characterized by the dimensionless quantjty=1.2 and
Kuhn length b=1.7 nm and bond length variatioh
IV. QUANTITATIVE COMPARISON WITH =0.06%=1.105 A. The effective base pair stacking interac-
EXPERIMENTAL OBSERVATIONS tion for random sequences seems to be quite small and is set

In the last section we have analyzed the main qualitativé*0 J=0 n the fitting (the thick solid line in Fig. 4 Such a

predictions of the present polynucleotide elastic model. Inco,mparlson_has already been performed by Montanari and

Mézard earliet* For random sequences the reason that the
effective stacking interaction is negligible may be explained
as follows: In the polynucleotide chain whose bases arrange
randomly, the formed base pairs are usually separated from

Random coil each other and the possibility for two base pairs to be adja-

F cent to each other is quite small.

Even when the effective stacking potentihlbetween

o two consecutive node pairs becomes comparable with ther-
discontinuous

continuous mal energykg T (the thin dashed line in Fig.)4the gradual
% force-extension pattern is only slightly changed. It indicates
Hairpin-II that the stacking interaction still plays a less important role
than the pairing interaction. But the fitting deteriorates much
Hairpin-I <~} continuous for J=2kgT if the pairing potential is kept constafithin
dotted ling: For example, af=6KgT (thin solid line there
is a wide plateau in the theoretical force-extension curve.

0 Jer J In another experiment, Riedt al® synthesized single-
FIG. 3. The qualitative phase-diagram of a polynucleotide at high-salt con-snar_]dmj pOlWQ-dQ gnd pOI)(dA-dT) DNA chains and In-.
ditions. The phases hairpin-l and hairpin-Il are defined in the main Fext. Vestigated their elastic responses under external force field.

denotes the intensity of the external force. They observed a highly cooperative elongation process in
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both these two kinds of sequences, with the transition force 50
being 20 pN for polydG-dQ and 9 pN for polydA-dT). A
Figures %A) and Fig. 5B) shows the experimental records 40
as well as the theoretical fittings based on the present model.

In the case of polidG-dO, the theoretical curve is ob- 30 |
tained by calculating the total extension of a polymer con-
nected by a dsDNA segment of 290.0 rimith persistence
length 53.0 nm and stretch modul8s-1000.0 pN as deter-
mined by previous experimenjsand a ssDNA segment of
230.0 nm(with Kuhn length 1.7 nm and bond length vari-
ance 1.105 A as determined by the data of Fig(We have
included a segment of dsDNA simply because the experi-
ment in Ref. 15 was performed by inserting a ssDNA seg-
ment between two dsDNA segmentk the hairpinned state 00 250 300 850 400 450 500 550
at zero force, the average free energy per Kuhn length is thus Total Extension (nm)

determined by the transition force to lfe= — (38)In(7,)=
—5.5%gT. Similarly, in the case of pol@A-dT), the fitting 80 ' ' ' ' '
is obtained with a dsDNA segment of 80.0 nm and a ssDNA B
segment of 445.0 nmb= 1.7 nm,| =1.53 A) with the aver-
age free energy per Kuhn length beighgs —1.76XgT. 20 -
Assuming each Kuhn length contains three nucleotide
basegi.e., each base in the model corresponds to three real-
istic nucleotidel we can infer that the free energy per base
pair in the polydG-dQ chain is 3.7RgT, while in the
poly(dA-dT) chain is 1.18gT. These values are close to
what we estimated earli€rand are close to the phenomeno-
logical parametereEg_~3.CkgTand Eo_t=1.%kgTchosen
by Bochelmanret al?® to interpret their experimental results
of separating the two strands of a dsDNA apart by mechani-

1 1 1 1 1
cal force. 0 100 200 300 400 500
Total Extension (nm)

20

Force (pN)

@ poly(dG-dC): experimental records

—— Theoretical fitting: In(n,)=11.18528

® poly(dA-dT): experimental records
—— Theoretical fitting: In(n,)=3.52741

=
=5i

10 =T

Force (pN)

V. CONCLUSIVE REMARKS FIG. 5. Force vs extension curves f@r) poly(dG-dQ and(B) poly(dA-dT)
' ssDNA chains. The experimental data are from Ref. 15 and the theoretical

. ) (B). The parameter Ip, [see Eq(9)] is determined by the transition force,
Smgle stranded DNA and RNA p0|ymers’ where both the nd is set to 11.185 28 and 3.527 41, respectively. To account for the low-

base-pairing and base-pair stacking interactions were ConSiaXtension data a segment of double-stranded DNA is included in the fitting
ered. The theoretical calculations demonstrated that, depengince the experiment was performed by inserting a ssDNA segment in

ing on the intensity of base-pair stacking potential,Petween two dsDNA segments
ssDNA or RNA can form two kinds of hairpinned structures,
hairpin-l1 and hairpin-I1, with the base-pairs in hairpin-1 only
slightly stacked and those in hairpin-ll almost completelychains, stacking potential is not important. The chains can
stacked. The force-induced hairpin-coil transition is aonly form loose hairpinghairpin-I), and structural fluctua-
second-order process if the polymer was originally intions between these hairpins may be large and quick, making
hairpin-I macro-state and a first-order process if it was init difficult for the existence of any well-defined stable native
hairpin-Il macro-state. The phase diagram and the forceeonfigurations. However, things may be dramatically
extension relationship for this polymer system were obtaine@¢hanged if the polynucleotide chain composed of the same
and the theoretical results achieved good agreement with ekases as the random chain rearranges these nucleotide bases
perimental observations. This work indicates the significancearefully. If the bases in the chain is arranged in such a way
of base-pair stacking interaction to the structural property othat forming of base pairs results in stacking of base pairs,
polynucleotide chains. The existence of such a hairpin-lithen it is very likely that the polymer will fold into certain
macro-state in a designed polynucleotide also justified oustable native structures which are much lower in structural
previous phenomenological work on the same system bgnergy than other configurations. Is this part of the reason
considering only single-looped hairpin structutés. why some polynucleotide sequences are folded in a particu-
The present work has the following implications. Given lar manner(such as transfer RNA or t-RNA? The nucle-
a polynucleotide chain, if the nucleotide bases are randomlgtide sequences in RNA molecules of biological cells are the
arranged, then the possibility to forming stacked patterns ofesults of millions of years of natural evolution and selection,
base-pairs is very small, since even forming the smallesand therefore in some sense, they should all be well de-
stack of two base-pairs requires the correlations among fowsigned.
nucleotide bases. Therefore, in random polynucleotide Finally, we just mention that the theoretical method used
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