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Statistical mechanics of base stacking and pairing in DNA melting
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We propose a statistical mechanics model for DNA melting in which base stacking and pairing are explicitly
introduced as distinct degrees of freedom. Unlike previous approaches, this model describes thermal denatur-
ation of DNA secondary structure in the whole experimentally accessible temperature range. Base pairing is
described through a zipper model, base stacking through an Ising model. We present experimental data on the
unstacking transition, obtained exploiting the observation that at moderatelgHothis transition is moved
down to experimentally accessible temperatures. These measurements confirm that the Ising model approach is
indeed a good description of base stacking. On the other hand, comparison with the experiments points to the
limitations of the simple zipper model description of base pairing.
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[. INTRODUCTION be considered as independent degrees of freedom; the mea-
surements further show that stacking is well described by an
In the DNA double helix, the two strands are held to-Ising model. Qualitatively, the unpairing transition is rela-
gether by the base pairing interaction due to hydrogen bondévely narrow in temperature, while stacking interactions dis-
between complementary bases on the different strands. Bapéy a broader transitiotsee Figs. 1 and)2We propose a
pairing is stronger folG-C (three hydrogen bonds; binding model where pairing is treated within a zipper model, and
free energyAG3,~ 3kgTa1o [1]) than forA-T (two hydrogen stacking within an Ising model approach; the latter was pre-
bonds;AG3,~ 1.5gT510). The other important interaction is Viously suggested for the single strandeg) DNA structure
between nearest-neighbor bases along the same strand; thidnsRef. [2]. We compare this model with experimental mea-
referred to as “base stacking,” and induces a partial configusurements for four different oligomer sequences: a sequence
rational order even of the single-strandsg) molecule. The  of length 60(L60) designed to form a bubble in theT rich
double helix melts into separate strands upon heating; den&iddle region; a sequence of length 36 designed to unzip
turation of the DNA secondary structure can be detected b§fom oneAT rich end(L36); two short, homogeneou&C
the increase in UV absorption. Optical absorption arounddominated sequence of length @313 and L13-3. In order
260 nm arises from ther-7* electronic transition in both to unambiguously pinpoint the critical temperature for strand
purine and pyrimidine bases. An increase in absorption repseparationsee arrows in Fig. )lwe measure two different
resents a change in the electronic configuration of the baseBielting curves: the UV absorption cur¥€T), which moni-
both base unstacking and unpairing contribute to this effectors a combination of base stacking and pairing, and the dis-
[1]. Indeed, UV absorption of DNA duplex samples contin- sociation curvep(T), which monitors the fraction of com-
ues to rise with temperature after complete separation of thpletely dissociated molecules, obtained through a method
double helix, due to unstacking of the bases in the singléased on quenched states which we recently introduced
strands. Depending on the sequence, the contribution to UY16,17. By design, the model can account for the unstacking
absorption due to unstacking may be comparable to the corgontributions to the UV melting curves. To further test the
tribution due to unpairingsee Figs. 1 and)3For this reason, model, we present experimental melting curves of single
UV spectroscopy may be advantageous compared to calstranded DNA oligomers, where base stacking are the only
rimetry for studies of stacking. contributing degrees of freedom. We find that at moderately
Theoretical models are necessary to understand the micrétew pH (3.6) the unstacking transition is moved below
scopics of the transition, and also to extract thermodynamid00 °C, so that the whole melting curve is accessible. From
parameters from the experimental measurem¢®s The these data we show directly that the unstacking transition is
main approaches are exemplified by the nearest-neighbaevell described by the Ising model approach. On the other
(NN) thermodynamic model3], the Poland-Scheragg],  hand, comparing to the experimental data shows that the zip-
and the Peyrard-Bishojp] statistical mechanics models; for per model, which was adopted here for simplicity, is defi-
short oligomers, the simpler zipper modél is sometimes cient in describing the unpairing transition of even short oli-
used. Modern developments of Peyrard-Bishop-like Hamil-gomers(see Fig. 3. In summary, this study highlights the
tonian models were applied to describe DNA unzipping un-ole of stacking as a distinct degree of freedom in the statis-
der an external forc¢7-10. Recent theoretical work has tical mechanics of DNA melting and further demonstrates
concentrated on the nature of the transition in the thermodythat an Ising model description is adequate for stacking.
namic limit[11-15; by contrast, here we focus on the ques-
tion of which degrees of freedom are crucial for a statistical Il. BASE PAIRING
mechanics description. We present experimental data on oli- We start from the simple zipp€iSZ) model, which de-
gomers which highlight that base pairing and stacking musscribes the UV absorption of double stranddd) DNA oli-

1539-3755/2004/16)/0519076)/$22.50 70051907-1 ©2004 The American Physical Society



IVANOV, ZENG, AND ZOCCHI

PHYSICAL REVIEW E70, 051907(2004

14 1 oo
12 ¢ A1 "’f A2
S W 0.8 L
1 £ k
]
8 / 06
08 +—= .
06 2 04 ._i_. © L.60, measured é
/ o L60, measured i —L60, calculated
04 L60, calculated
A,O" 0.2
0.2
MM Temperature, 'C ° Temperature, 'C
0 < - - T r T 0 —0r -0 T T
35 45 55 65 75 85 35 45 55 65 75 85
14 B 1 1 L L
1.2 ‘L Jyfo B2 /
f ,6/ 0.8 -
1 f p /
0.8 j 08
0.6 0.4 f——- |oL36,measured|  ______}
j o L36, measured : =136, calculated
04 L36, calculated
jf 0.2
0.2
M Temperature, 'C Temperature, 'C
Qs T T T T T 0 - -
35 45 55 65 75 85 35 45 55 65 75 85

FIG. 1. (A1), (B1) Normalized UV absorption spectfameasured a

t 260 nm for the L60 and L36 ds DNA oligomers. The experiments

are the circles; the model is the solid line. The data for L36 was fitted using Bg€8); for L60 the model was extended to include different
pairing interactions folGC and AT, as explained in the text. Arrows show the end point of the ds melting transition, determined from the
dissociation curves ifA2) and(B2). (A2), (B2) Measured and predicted dissociation curpefor the same oligomers. The measurements
were obtained from the quenching method. The model is plotted using the same parameter valyéd aarid (B1).

gomers up to the temperature of strand dissociation. In this
model there is a fixed energy cost and a fixed increase in
number of configurations per broken base pair. The latter
assumption is unrealistic as it ignores excluded volume ef-
fects; the advantage is an elementary analytical solution of
the model. With the further assumption that the molecule can
only unzip from the ends, the partition function for an oligo-
mer with N base pairs is given by

N-1
Zipper= E (p+ Dexdp(-UIT+o)] +Zy,
p=0

Zy=exgN(- U/T + o) + op], (1)

where the summation indeg is the number of open base
pairs, Zy describes the state of complete strand separation,
U>0 is the pairing enthalpy per base>0 is the pairing
entropy. The combinatorial factgp+ 1) accounts for unzip-
ping at thetwo ends. Enthalpies and entropies are divided by
the Boltzmann constant. The bulk entropy tesm (“strand
dissociation}j accounts for the extra entropy gain when the
two strands separat@p, is a function of DNA concentra-
tion); it is necessary to correctly describe the dissociation
curvesp [see Fig. 3A2)].

Ill. BASE STACKING
O
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FIG. 2. Melting curves obtained from UV absorption for the ss
ligomers L13(a) and PH21(b). Circles are the experimental data;

The increase in UV absorption after strand separation, vissolid lines are the Ising model E¢R). The data were obtained at

ible in Figs. 1 and 3, is due to unstacking in the singlep
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H=3.6, in order to lower the midpoint of the unstacking transition.
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f' Zstackind®) =[1 + exf- EIT+9)° (3)
2 We consider that a base can be unstacked only if it is un-
15 f paired; this is consistent with a zipper model description of

pairing. If theN-mer ds DNA has unpaired ends of length
andb (a+b=p, p<N) we have P stackings, which might be
unstacked. The partition function for the model with pairing
and stacking is, from Eqgl) and(3),

o L13, measured
—L13, calculated| |

0.5
N-1
0 —tﬂrﬂfﬁﬂj | Temperatur?, € ZZS: 2 (p + 1)eXF{P(— uiT+ U)]Zstackinézp) + ZNv

(A1) 35 45 55 65 75 85 p=0

ZN = EXIiN(— U/iT+ 0') + O'D]ZstackingzN - 2)- (4)

We note that from Eqg3) and(4) it is easy to derive the NN
model enthalpy and entropy, which are then not constant
parameters, but functions of the temperature. Such tempera-
ture dependence has been observed in experini#8it9.

0.4 ® 113, measured |
’ —L13, SD=7.2 , . . .
0.2 - L13. SD<0 A. Zipper model for ds DNA CG rich on one side andAT rich
s ' on the other (ZM2)
Temperature, 'C . . .
0 *o—e There are two different kinds of bubbles in DNA: bubbles
(A2) 35 45 55 65 75 85 bounded on both sides by ds segmediisubble in the
12 middle”), and half bubbles opening from the ends of the
"of"d molecule (“bubble at the end’ As we have generated ex-
1 = perimental data on both kindd 8], here and in the next
08 f M section we specialize the model to the corresponding se-
' o L13-2, measured f guences.
0.6 +— —L13-2, SD=0 Let us consider a ds DNA-mer with aC-G-rich region
# ---L13-2, SD=8.0 f A bases long, and aAT-rich regionB bases longA+B=N
0.4 g (such as the sequence L36The partition function in our
0.2 approach is
0 Temperature, F Znp=2Zy+ X exgA@)+ B1(b)Zstacking 2(a+ b) ],
(B) 35 45 55 65 75 85 Osa+b<N
(5

FIG. 3. Open circles: normalized UV absorption speétraea-
sured at 260 nm for the L18A1) and L13-2(B) DNA oligomers. _
The lines are the mode{A2) measured and predicted dissociation Zy=exdAy(A) +By(B) + ‘TD]Zstackins{zN -2). (6)
curvep for L13. The dashed line i(A2) shows that the dissociation  The functionsA,(x), B;(x) are given below:
entropy termoD is needed to account for the curves. The con-
tinuous line in(B) is a fit using the model witlry=0 (op is called  Aq(X)

SD in the figures The dashed line iB) shows that the UV spec- X(= Uag/ T+ 0cg), X< A
—Yc CG/y A=y

This deficiency is due to the oversimplified zipper model A(=Uce/T+ o) + (X=A) (= UadT + oa7), X> A,

description. 7)

trum of L13-2 cannot be fitted with the appropriate valig=8.0. —

strands. The unstacking contribution to the melting curveg (x)

highlights the necessity of considering base pairing and
{X(_ UAT/T+ O'AT), X= B,

B(= Uar/T+ oap) + (X=B)(= Ucg/T + 0ce), X> B,
(8)

whereUcg, oca UaTs 0aT @re the pairing enthalpy and en-
P(T) =exp(— E/T+ S)/[exp(- E/T+9) + 1], (2) tropy (per basg for the CG- and AT-rich regions, respec-

stacking as separate degrees of freedom. We describe stack- _
ing by an Ising model with two parameters: the stacking
enthalpyE and the stacking entrop$. The probability of a

single unstacking at temperatufeis then

tively.
and the partition function for ss DNA with at mastinstack- To compare with our experimental data on more complex,
ings is given by the product afindividual stacking partition nonhomogeneous sequences, such as L60, we extended the
functions: model in two ways. We introduce different pairing enthalpies
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and entropies foGC andAT pairing (but maintain, for sim- TABLE I. Thermodynamic parameters used for the experimen-
plicity, a single entropy and enthalpy of stackingnd we tal curve fit.

allow in the partition sum states with a single bubble bound
by ds tracts. Bubble formation is suppressed by a nucleatiofligo ~ Ucg  Uar  occ  oar op « 3
cost. For simplicity, we do not explicitly write the partition

function here, and instead just show the result ifi)l L36 6640 3690 19 1105 64 228 698
L60 6690 3600 19.2 10.8 12 530 9.30

L13 6950 N/A 21 N/A 7.2 073 9.98

RESULTS L13-2 6170 N/A 18 NJA 0 377 4.49

For the experiments, synthetic oligomers were annealed

as previously described 7]; final concentration for the mea- rately. To obtain initial values for the global fit, the double
surements was &M in phosphate buffer salin€’BS at an  helix melting part of the UV spectra was fitted first without
ionic strength of 50 mMMpH=7.4. The sequences used were:stacking. Finally a global fit using all thermodynamic param-
L13 (GCCGCC A GGCGGE L13-2 (CGA CGG CGG  eters was performed in the whole temperature range. The
CGC ©), L36 (CAT AAT ACT TTATAT T GCC GCG CAC  resulting parameters are reported in Table 1. From the table,

GCG TGC GCGGC) (AT rich at one enjl L60 (CCG CCA  pairing enthalpies and entropies f8¢T are about half the
GCG GCG TTA TTA CAT TTAATT CTT AAG TAT TAT  yalues forG-C. The free energietl - T are consistent with
AAG TAATAT GGC CGC TGC GCQ (this has amATrich  |iterature valuegsee the Introduction The strong stacking
tract in the middlg, andPH21 (CGA CGG CGG CGC GCC  exhihited by L36 is easily decoupled from pairing using the
GTG CGQ (used to study the unstacking transitioithe  model. For weak stacking, as in tAeT-rich part of L60, it is
UV absorptionf was measured at 260 nm, in a 1-cm opticalmore difficult to distinguish stacking from pairing. The
path cuvette, and normalized so thiat1 corresponds to stacking extinction coefficients obtained from the model
strand dissociatiorisee Fig. . These and the dissociation gare in agreement with the extinction coefficients in the litera-
measurements have been described beff6,17,2Q.  tyre [1,21]. The increase in pairing extinction coefficient
Briefly, to determine the dissociation curvpg(see Fig. 2, petween L36 and L60 is due to the increase in the number of
samples are heated at temperatdie then quenched to \eak stackings in the DNA sequence. This deficiency of the
~0°C. Because the sequences are partially selfmodel is due to the use of only one set of stacking param-
complementary, molecules which were dissociated at temeters. The ratios of pairing enthalpies to entropies are for all
peratureT; form hairpins after the quench. The relative num-sequences within 3% of each oth@&40+10 K). In the data
ber of hairpins (representing the fraption of dissociated displayed in Fig. 1 we can see only the beginning of the
moleculesp at temperaturd) is determined by gel electro- ynstacking transition, since the midpoint of unstacking oc-
phoresis. ) curs above 100 °C. Indeed, according to data in the literature
In Fig. 1 we display results from the measuremesfgn- 2 21] and our own measurements the unstacking transition
bols) and the mode(continuous linep On the left are the  for many stacking combinations is above 100 °C, with the
UV measurements, on the right the dissociation curv@s  exception of the well studiedA andCC stacking in polyA)
For the L60 and L36 UV absorption curves, the part of theang polyc) [2]. We found that the unstacking transition tem-
spectra below 71 and 75 °C, respectivéyyrows, corre-  horayre can be lowered significantly by lowering {he.
sponds to the melting of the double helix, while the spectrarpis allows us to investigate directly whether the Ising
above these temperatgres correspond to base unstackingd'{bdd gives a good description of the stacking degrees of
the ss DNA(compare Figs. 1 and)2To compare the model teeqom. In Fig. 2 we shovsingle strandedunstacking
with the expenm_ental datgz the UV abso_rpuon is assumed tQ,,rves obtained giH=3.6 for the sequences L13 and PH21.
be a linear function of pairing and stacking: L13 is almost self-complementary, but at thi$l the ds
f = (Na X (unpairings + 2(N - 1)8 X (unstackings+ )/C, structure is not stable at room temperature; PH21 is non-self-
complementary, so there is no ds structure at@giyWe see
© that the unstacking transition is much broader in temperature

whereC is the concentration of the ds oligomer, measured ircompared to double helix melting, and is well described by
mmol, « and & are the molar extinction coefficients for un- the Ising model with a single parameter set.

pairing and unstacking, measured in mmam™ (the opti- The stacking enthalpies obtained from these experiments
cal path being 1 cin To fit the model to the data, we used (Fig. 2) were 8770 and 8000 K, and the stacking entropies
the following procedurea, 8, andy are found by minimiz- 27.3 and 24.6 for the L13 and PH21 oligomers, respectively.
ing the integral of the squared difference between the mealhese are lower than the parameters obtained from the data
sured and predicted UV spectra. The unstacking part of that pH=7.4 (Fig. 1), showing that the stacking interaction is
UV spectra was fitted first, using E¢3). The stacking en- significantly weakened at lowH.

thalpy and entropy were found to be 16 000 K and 42, re-

spectively, corresponding iD;,=108 °C. These high values DISCUSSION
of the stacking parameters are due to the stronger stacking
interactions of theCG tract. AT stackings are weak¢?] and In the NN model, unpairing of the bases and partial un-

for nonhomogeneous sequences should be considered segtacking are combined into ten effective thermodynamic pa-
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rameters. The advantage is a description in terms of a conthe MFOLD server, we expect hairpin formation to give a
plete set of parameters for all possible base combinationsignificant contribution to the UV spectrum beyond strand
However, the NN model considers the influence of stackingseparation for L13, but no contribution for L13-2. Neverthe-
on the pairing free energies measuradthe double helix less, Fig. 3(B) shows that for L13-2, the increase in UV
melting temperature Thus this model does not describe apsorption after strand dissociati¢at ~73 °C) is still sig-
DNA behavior at temperatures above the double helix dissonficant; this must be attributed to the melting of the remain-
ciation temperature. In contrast in the present model we dqng stacking structure present in the single strands.

couple pairing and stacking into independent degrees of free- "rig re 3 also highlights the role of the strand dissociation
dom described by different parameters. The need foéntropy op and the more stringent comparison between

introducing stacking degrees of freedom is obvious from Fig odel and experiment which is possible when the strand

1(AD), Wh'ch shows that_ unstacking c_ontrlbutes a large par issociation curvg(T) is also measured. While it is possible
to the experimental melting curve. This part is not capture

; : : fit the data in Fig. 1(Al) without this term, it is not
by previous models. The model described here is closest t : . . .
tf?/epPeyrard-Bishop approa¢s], which includes a stacking possible to fit the datéA1) andthe dataA2) without it. The

interaction term in the Hamiltonian. It differs in that we de- melting transition of L13 is significantly narrower compared

X . ; S . to L13-2, due to the competition between the hairpin and
scribe stacking as an Ising model, which is physically ap- ' g : ) .
pealing and consistent with the experime(iig. 2). duplex formation in L13; for the same reason the dissocia-

The dissociation curvep are helpful to unambiguously tion temperature is also lower for L13. The softer melting

pinpoint the end point of ds melting: they also reveal theCUrve L13-2 can still be fitted by the zipper model, but only

limitations of the zipper model approach, even for short Se%,jvlljtcl:inUD;noa[COgmrlije?t:SngUGeI?orFlgt.aﬁsr%]frngAtﬁZiirt'slrl]:tiro-s
quencegL13), where bubbles are unimportant. Namely, near Y pprop b [ 9-

the endpoint of ds melting, the experimental dissociatiorFA.)] shows that.the z.ipper actually predicts too steep a tran-
curves are consistently steeper than the model. In fact, th |t|on.[dasheq line Fig. B)]. In a forthcomlng paper we
experimental data adumbrate a melting curve without inflec- esi:rllt)e I?.n m(;proved n;odeIdWh'Ch ((:jogbllneds’ th? m_ciﬁpen;
tion point, characteristic of a discontinuous transition. OthergegblS acking degrees o | ree ?]m g.r;f. IO ands aigorithm ©
difficulties with the zipper model, apparent in Fig. 3, are ubble counting24], resolving this difficulty.

discussed ater. The piysics missing rom the zpper-suyy [ S1CUST. W W SIOuT 1L S deuecs o
description is related to the oversimplification of assigning P

e e

Hairpin formation, which is not included in the partition Furth 9 bring direct . tal evid P that th ge.
function of the model, may contribute to the UV signal at urtheér, ‘we bring direct experimental evidence that these
temperatures above the strand dissociafi@?]. We exam- stacking degrees of freedom are well described by an Ising

ined the stability of the various hairpin structures at diI"ferentmOdeI approach. Thus stac_;klng IS uncooperatlye. In. _the
temperatures using the MFOLD sernvigd]. We conclude present work, we used the zipper model to describe pairing,

that in the case of L60, the contribution of hairpin statesfor simplicity. Further work might explore how to incorpo-

above the dissociation temperature is negligible. For L36ré.lte this description of stacking into more realistic Hamilto-
there is a small contribution, and for L13 a significant con-"ans:
tribution. To further analyze this point, we designed two dif-
ferent 13-mer sequences of simil&C content: L13 and

L13-2; the first is self-complementaryforms hairping, This research was partly supported by the US-Israel Bi-
while the second is not. Analyzing secondary structures witational Science Foundation under Grant No. 2000298.
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