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ABSTR1
Thermally induced structural transition in the d(TITA TAAA)

d( mTTAAAA) heteroduplex is characterized by UV-spectroscolpy and diffe-
rential scanning calorimetry. At low salt(<0.1 M)the occurrence of a coope-
rative transition in the lower temperature range, followed by a broad tran-
sition connected with small increase in absorbance is observed. At high
salt (>0.2 M)a single, monmphasic transition appears. I near dependence of
the latter on log of salt concentration (dTm:dlogo414.2 C) and of l/Tm on
log of oligcner concentration [derived therefrcmn £ H(v.H.) =77.1 kcal/mole
(duplex)] allows relating it to the meltirg of the heteroduplex helix. The
non-cooperative transition, independent of oligamer concentration and simi-
lar to that of the single chain, was attributed to melting of short hairpin
helices upon heteroduplex dissociation. Calorimetric enthalpy: 75.6 kcal/
/mole(duplex)proved significantly lawer than predicted fran krxwn calori-
metric data for poly [d(AT)] and poly d(A)- poly d(T).

INTRODUCrION
Initiation of the transcription in procaryotic systems is preceded by

the formation of transient "closed" camplex between template DNA and RNA

polymerase, which transforms subsequently into an "open" very stable form
characterized by a local unwinding and melting of the DNA helix at a pramo-
ter site (1). The extent of the opening of the DNA duplex structure is tae-
perature dependent, as would be expected for an enthalpy controlled process,
and can attain up to 17± 1 base-pairs at 37°C(2). The melting begins seve-

ral base-pairs before the transcription starting point (3,4) within a pro-

moter region called Pribnow box,, cmmon to all prmcmoters and thus believed
to be essential for their specific recognition by the enzyme. The mechanism
of the melting process and the role of Pribnow box sequence therein re-
mains to be elucidated. One possible way of doing this is to study oample-
xes formed between DNA fragments containing this sequence and the enzyme.
With this aim in mind we synthesized tw deoxydodecanucleotides
d(Tr T AA) and d(ITTATATAAAA),containing the simplest form of the Pri-

bnrw sequence TATAAT. In the present paper we report the results of investi-
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gations on the themrdynamic stability of the heteroduplex dodecamer fored

by these two oliganers.

,TERJAIS AND NETHODS

Preparation of deoxydodecanucleotides
The twO deOxydOdecanucleotides: 5'd(TrAA )3' and

5'd( TMTATAAAA) 3', were synthesized by a phosphotriester method (5-8),
as described in detail elsewhere (9). The synthesis was carried out accor-

dirg to the sequential scheme shown for d(T TrATAATAAA) in Chart 1. The

protecting groups used are specified in the scheme.1-(2,4,6-Triisopropyl-
benzenesulfonyl) -tetrazole was employed as the condensation activating
agent. After each condensation the protected oligonucleotide blocks were

separated by column chranatograpy and the overall yield of the synthesis

was detemined, startirg with tetranucleotides (see Table 1). The dime-

thoxytrityl group was rrved fran the final products, dodecanucleotides,
with benzenesulfonic acid in a chlorofonrVmetharnl mixture, and the pro-

ducts were chramnatographed on a silica gel column. The benzoyl and p-chlo-
rophenyl protecting groups were removed thereafter by treatment with con-

centrated amionia. The ocmpletely deprotected oligamers were purified on

a Sephadex G-75 (superfine) column using 0.1 M triethylammoniun bicarbonate,

pH 8.0, as a buffer.

The purity of the deoxydodecanucleotides was checked by hamochraratogra-

phy on thin-layer DEAE-cellulose and also by gel electrophoresis in 20%

acrylanide under denaturating conditions (7 M urea) after their labelling

with [r-32P] ATP in the presence of T4 phage polynucleotide kinase. One

(DMTtidbzATT-CIPh d bzATbzA+CE (DMTr)dTTbzA-CIPh dbzA ;bzA(OBz)

-T
I I

i

(DMTr) d bzAtT; bzA ; bzA- CI Ph dTF bzA+ bzAF+bzA (OBr)

(DMTr)dT;:T-CIPh+ dT FT;TCE I
d bzAFT F bzA bzA;T;bzA ;bzA ;bzA(OBz)

d T:F TTT ; T-CIPh CE-cyanoethyl
CIPh - p-chlorophenyl
DMTr- dimethoxytrityl

d T-T-T-T-A -T-A-A-T-A-A-A

Chart 1. Schane of synthesis:-a phosphodiester bond is represented bY (-)
and phsphotriester bond by (+). Each internal intermucleotidic phosphate
is protected with p-chlorophenyl group.
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Table 1 Yields of oligonucletides blocks arni separation methods

Product Overall yield Column and

mrole (%) eluent

Drr [TITr]CE 0.140 70 60; 60:40a
ETr [ATAA]CE 0.143 72 60; b5:35a
[rAAA] OBz 0.110 56 H; 4

[ATAATAAA] OBz 0.061 61 H; 5

TITrATATAAA] BC3z 0.023 47 H; 6
DETr [TrITA]CE 0.116 58 60; 60:40a
Tr[TIAT]CE 0.056 72 60; 60:40a
[AAAA] OBz 0.093 71 H; 4b

['rATAAA] oBz 0.025 55 H; 5b
[TTTATTATAMAAAcBz 0.010 40 H; 6b

a, silica gel 60 silanized column, the ratio represents the acetone to
water ratio

b, silica gel H, the number refers to the % of CH3OH in CHCl3

major labelled product was observed for each of the dodecamers. Their se-

quences were fully confinred by two-dirensional electrooresis-hachro-

matography of verun phosphodiesterase partial digestion products (10).
The concentration of cdoecamers in aqueous solution was detennined using

the extinction coefficient 1.1 x 104, as calculated at 26Onn and 250C
according to the nearest-neighbour apprcximation fran the extinction co-

efficients of the appropiate rnononucleotides and dinucleoside phosphates (11).
UV spectroscopy

The absorbance versus temperature profiles were neasura at 260 mn using
a tenperature-programmable, thenmelectricaly controlled Beckman recording

spectrophotareter and a Carry 117 recording spectrophotaneter equipped with
a themostated cell cxatmt. The thus obtained A(T)=f(T) profiles were

transfomned to Are1(T)=f(T) ones by nonnalization of the absorbance at 500C
to A=1.0. For detennination of the melting tarperatures, TmS, and slopes of

the helix-to-single-strands transition, the latter were converted into f

versus tanperature transition profiles (where f is the fraction of single
strands in the tw-chain heteroduplex form) by use of camnly acceptei
procedure (cf. ref .12). The lower (t-chain helix) and the upper (sirgle
strards, partially in hairpin helix form) base lines, nployed in the

clculations of f, were found by extrapolation of the approximately linear
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low- and high-temperature regions of the Arel(T) =f(T) curves. In sare in-

stances, when the low-tenperature part of a curve (at low salt concentra-

tions) was not fully attainable, it was found by deduction, assuming the

slope observed for the next curve within the given family of the recorded

profiles.

Calorimetry
Calorimetric experiments were performed on a DASM-1 M model of the

Privalov type differential scanning microcalorimeter (13), calibrated with

a controlled electric current pulse. Calorimetric heat-absorption curves

were recorded at a rate of 0.5°C/min in the tamperature range of 5-85°C.

They proved fully reversible as indicated by the high reproducibility of

repeated heating cycles for the same sample. The melting enthalpies were

found fran the areas under the heat-absorption curves and the spectropho-
tametrically determined concentrations of the oliganers.

RESUT'=S AND DISCUSSION
The helix stability by UV spectrophotanetry

Figure 1 shows the relative absorbance versus tanperature profiles

obtained for 1:1 solutions of the tw cxnplementary dcxyddecanucleotides
of 8.6 x 10 5M concentration (in terms of base residues) at different se-

lected salt concentrations. Their shape at lower salt concentrations indi-

cates the occurrence of a cooperative transition followed by further slow

increase in srbance xtending over a broad rarge of tanperatures. The

transition proved to be quickly and fully reversible on cooling of the so-

lutions. As the salt concentration increases the transition shifts towards

a higher taperature range, and the melting curve attains a more symetri-

cal shape characteristic of a rmonphasic transition. Sinrultaneously the

hypochrmicity of the systen undergoing heat transition reaches its maximm

value of about 25 per cent. This pattern is consistent with the melting of

the dode heteroduplex which at salt concentrations higher than 0.2 M

K (Na+) and tatp res below 1i0C is the only oliganer species present

in solution.
The melting tanperature, Trn, of the cooperative transition correlates

linearly with the logarittin of the counterion (K ) concentration up to

about 1.0 M (Fig.2). The slope of the Tm versus log M plot, dTLnVdlogMW14.2YC
is distinctly smaller than 22°C found in ref. (14) for the alternating co-

polymer poly [d (AT)] , but very close to the value which can be estimated

for the d (TA) 14 linear oliganer in hairpin helix fonm fran the
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Figure 1. Normalized absorbance
vs. temperature profiles of
d (lA l) + d([A)
at various (specified) KF concen-
trations, 1:1 solution 0.085 mM
in base residues, 0.01 M posphate
buffer pI 7.0, (x) values for a sin-
gle chain at 0.05 M (salt). IV the
insert profiles at 0.006 M Na for
d ([rATAATAAA) (o) and 1:1 mixture
of both oliganers (e) .

s0 /~~oo

Figure 2. Variatiog of Tn with
concentration of K ions for the
cooperative transition in 1:1 so-
lution of d( ) +
d(T TI): (o) experimen-
tal data, ( ) least square in-
terpolation curve:
Tls=14.2 x log M + 29.7.

'ln (N) =f(log M Na ) data for d(TA)N oliganers with N=13 and N=15 (15) .

As desnstrated by Scheffler et al. (16,17), d (T)N oliganers (5<N<25)
at low comunterion concentrations (<0.01 M Na ) form one-chain, hairpin

helices with four unpaired bases in the loop. At higher cokmterion concen-

trations aid low tanperatures the formation of two-chain helices is favou-
red. With the rise of tenperature they are first converted into one-chain
hairpins which melt subsequently. This interconversion is accanpanied by
relatively snall change in the absorbance proportional to the fraction of

looped out base pairs. The melting behaviour of the hairpin helix fonnd

by the d(TA)14 oliganer would thus be expected to simulate closely that of

the AT heteroduplex d er investigated. Good agrenment between the

dnrVdlog M values tained for the heteroduplex a and those deuced
for the d(TA)14 hairpin helix frcn published data (15) confinns this expec-

tation.
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Figure 3. Plot of 1/Tm, vs. logarithm of
330 oligarer concentration for the cooperative

3.30 \ transition in d(QTIT + d(TTTAT1AA)
1:1 solution, 1.0 M NaCl, phospate buffer pH
7.0, 0.1 mM EDTA: (o) experimental points,

,(-) least square correlation curve.
E
U3.25

3.20

-11 -10 -9 -8 -7 -6
InCT

The final proof that the cooperative transition observed at the 1:1 mo-
lar ratio of the carplementary deoxydodecanucleotide chains concerns the

melting of the t-o-chain helix was obtained fran measuremnts of rIlm of the

transition in 1.0 M NaCl in function of the total concentration Ci of the

single chains. The 1/Tm versus ln CT plot (Fig.3) shows clearly the charac-

teristic chainr-concentration dependence of the thermal stability of the

two-chain helices. The relevant relationship is given by the equation:
1/Tm = (R/dH)- ln CT + S/IAH,

where the thermodynamic parameters have the following values:

AH= 77.1 (6'= 0.06) kcal/mole duplex and AS = 656.7 e.u.

In principle there is a possibility that same hamoduplex helices form

under certain conditions fram each of the single chains. The most stable

form which can be predicted would contain two 5-base-pair long helical seg-

ments with one dangled off base at the end, interrupted by a bulge made of

two identical bases on the opposite strards, as shown schenatically (IV) in

Fig. 4.
The stability of this forn, cmpared to that of the perfect dodecaner hete-

roduplex under similar conditions, is expected to be lower by 6-7 orders of

magnitude, however. Indeed, no effect was noted on the Ar(T) = f (T) pro-

files when at the moderate coamterion concentration of 0.06 M Na the con-

centration of the d( =T ) single chain was raised 20 fold frcn

5 x 10 5 to 1 x 10 3M.
In order to explain the cause of the small increase in absorbance over
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5T-T-T-T*T-A*T-A*A3' 5' T-T-T-A-AT-T-A,A-A3'
+ *

r-T-T*T*-T-T* 5'
5!T-T-T*T-1*T-A-ArA 3' /

/,TA,N-A A-T%
T _A A-" T 1 T- J.( A.
'T AAA T T

lT.T.-T*Ti~. A.-T.- T-TT -kT'-T4Ar
AAAAT4-A-T-TsT A-iA T-AT-T

A T TV# 'T T

Figure 4. Schares of various possible structUral forms of dITITIATA~TAAA)
andi d(¶[ TrATATAAAA) oligomers in aqueous solutions: I- heteroduplex helix,
II, III-hairpin helices, IV-hamoduplex helices.

the broad temperature rarge, observed at low counterion concentrations af-

ter canpletion of the cooperative transition associated with mrelting of the

heteroduplex dodecamrer (cf. Fig.1) , the possibility of formation of hai-

rpin helices by d(TTT5TATAATAAA) arnd d(TTTATTATAAAA) sirgle chains should be

considered. As demonstrated for the d(TA)N oligomers (15,16), the single
hairpin helices are more stable at low counterion concentrations than the

correspondling twc-chain helical structures because, owirq to the existence

undier these coonditions of long3 rang~e destabilizing electrostatic interac-

tions, the electrostatic energy contribution to the total free energy of

the helix is proportional to the number of base-pairs. Consequentiy, a bip-
hasic melting~ profile is observed for the d(TA)5 oligomer (17) of a shape

similar to that focund for the dodecarrer heteroduplex. The b4ipasic mrelting
curve reveals also at low osunterion concentrations the presence of the

self-ocnplerntary de)xdcdcaucleotide d(OGaAT)G) (18). It should be

noted here that both oliganers can form presanrably only one¢ stable sirqle-
chain hairpin helix.

For each of the tw~o dodecanucleotides studied two hairpin helix structu-

res can be envisaged, AsC simm shiatically in Fig.4: (i) form II with

4 base-pairs in the helix, 3 base in the loop and one dajlingj base at the

erd, and (ii) form III with 3 base-pairs in the helical stan and 6 bases

in the loop. A 4-base loop is believed to be irst probable aure the

d (T) hairpin helices (16) . The formation of the 3-base loop culd
result in a scxrehat strained conformation. However, the corresponding un-
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favourable contribution of free energy would be most probably more than

canpensated by the formation of an additional stack of AT base-pairs, so

that form II can be expected to be sanewhat more stable than form III. On

the other hand, it could be expected that the unfavourable electrostatic
contribution to the free energy of hairpin helix formation is smaller for

the form III with a shorter helical segment. We are thus tenpted to believe

that both forms can be present in solution at concentrations proportional

to their statistical weights. The free energy of either of the two hairpin
helix forns may be also scaneat different for each of the conplnemntary
single chains. Therefore, the two deoxydodecanucleotides in solution can be
distributed asong four different hairpin helices characterized by similar
melting profiles but samewhat shifted one fran the other along the tarpera-
ture scale. Superposition of the profiles would result in a broad experi-

mental melting profile without well defined inflection point, observed on

biphasic melting curves of d(TA)5 and d(CGCGAATJXnCG) oligamers, referred
to above. In order to confirm,at least indirectly, the validity of our in-
terpretation, we neasured the relative absorbance as a function of tempera-
ture of the two equimolar in base residues (8.5 x 10 5M) solutions at

0.006 M Na , one of which contained the d(TTATAATiAAA) single chain and

the other both complementary dodecamers in 1:1 molar ratio. The two

Arel(T)=f (T) profiles proved to coincide exactly at all temperatures
above 80C (cf. insert in Fig.i), what means that under these conditions

the two-chain heteroduplex does not exist. Also Arel (T) values determined

for the d(TTTTrATAATAAA) chain at 0.06 M Na , i.e. under conditions at which

the presence of the two-chain helix in solution is clearly seen on the mel-

ting profile, could be well fitted by the high temperature part of the

latter (cf. Fig.1, Arel(T)=f(T) curve at 0.06 M counterion concentration).
Owing to the fact that thermal stability of longer helices exhibits

a much stronger dependence on the counterion concentration than of shorter

ones, the two transitions corresponding to the melting of the tio-chain do-

decamer helix and to that of the hairpin helices were brought to overlap
with the rising salt concentration. As a result of this, the experimental
Arel(T)=f(T) profiles attain a sore symretrical shape of an apparently mo-

nophasic transition.

All these considerations and observations allow us to summarize the
helix-coil equimolar solutions of the d(IrrATAATAAA) and d( T ITATAAAA)
deoxydodecanucleotides as shown schematically in Fig.4.
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alorimetry
Figure 5 shows the calorimetric heat-capacity curve for the melting of

the dodacame heteroduplex in 1.0 M Nal solution. The enthalpy of the
transition:AH(cal)= 75.6 kcal/iole(duplex) was evaluated fran the area
under the curve. The value found is very close, irneed, to the van't Hoff

enthalpy A H(v.H.) = 77.1 kcal/mole (duplex) derived fran the chain-concen-
tration dependence of the dodacamer heteroduplex thermal stability in

1.0 M NaCl. This agreenent is understarable since in the calorimetric expe-
riment the total enthalpy of the helix-to-coil transition of the hetero-
duplex has been measured, while the variation of un with CT, in the spectr
photanetric experiments related the same transition whose midpoint could be

but little affected by the appearance of low-anplitude, intemediate hair-

pin-helix states.

In view of the fairly synmetric shape of the calorimetric curve, indica-
tive of the practical irdependence of the meltirn enthalpy of tanperature
within the teperature rarne investigated, a melting curve was derived

therefran, drawn as the fraction f of the oliganers in heteroduplex forn
as a function of tanperature (cf. Fig.5). Fran the slope of this curve at
rn the van't Hoff enthalpy of the transition 65.7 kcal/mole (duplex) was
again calculated according to the eqution: A H(v.H.) =6RTl(df/dT) r.

0

/~~~~~~~~~
o ~~~~~~~~/
- 06n~~~

-

U I<"40 0.50

l20 / 0.75

0 10 o0 5o 70
T(%)

Figure 5. Calorimetric heat capacity-tsnperature curve ( ') for the
helix-to-single strands transition of thed(I- d([r)TTATAAAA)
heterouplex helix, and meltirg profile (-) derived therefran;
1.0 M NaCl, 0.01 M posphate buffer pIH 7.0, 0.1 mM EITA, CT=1.43 mM (base
residues).
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A similar mean value of A H(v.H.) was calculated fran the slopes of the

spectrophotaboetric meltirg curves recorded at 1.0 M NaCl and various oli-

ganer concentrations. Since the slope of such a melting curve of the dode-

camer heteroduplex can be expected to be influenced by the fonnation and

disappearance of the intenmediate hairpin-helix states within the same tart-

perature rarge, the lower value oft H(v.H.) thus derived reflects simply

the occurrence of such processes.

The calorimetric transition enthalpies acccnpanying the duplex-to-sin-

gle-strands transition of poly [d(AT)] and poly d(A) - poly d(T) (as well

as of sane other polynucleotides containirg G and C) canplexes were re-

cently determined and the average basestackirg enthalpies derived therefran

were used successfully to predict the transition enthalpies of sane oligo-

meric DNA duplexes (19). It seamed thus worthwhile to calculate the transi-

tion enthalpy of the AT heteroduplex investigated by use of the reported

base-stackirg enthalpies and to campare it with the experimental calorime-

tric enthalpy. The calculation based on the assumption of the nearest-neig-

hbcur approximtion of stacking interactions is illustrated by the schare

below.

8.6 8.6 7.1 8.6 7.1 8.6

T - T-T - T-A - T-A - A-T- A-A A

A A A A T- A T- T A- T T- T

8.6 ~7.1 7.17.86
The numbers in the schane refer to the base-stacking enthalpies:

7.1 kcal/stack for the AT/TA and TA/AT stacks, and 8.6 kcal/stack for the

AA/TT stack (19). The enthalpy of the transition A H(pred)= 87.12 kcal/mole

( duplex) calculated in this way is distinctly larger than the experimental
enthalpy A H(cal) = 75.6 kcal/mole (duplex). The difference between the two

values could even be larger if the 8.6 kcal/stack enthalpy measured for the

poly d(A) - poly d(T) in 0.01 M NaCl appeared to be higher in 1.0 M NaCl,

at which salt concentration the enthalpy of the AT heteroduplex has been

determined. The transition enthalpy of poly [d(AT)] is known (20) to in-

crease linearly with the logarithm of the Na2SO4 molal activity up to about

0.6 molal salt concentration and then decreases abruptly. As a result the

7.1 kcal/stack(TA/AT,AT/TA) enthalpy obtained for poly [d(AT)] as a mean value

of enthalpies measured in 0.01 and 1.0 M NaCl solutions (19) agrees reasona-
bly with that calculated fran the data referred to above. For poly

d(A) - poly d(T) thde of the melting enthalpy on salt concentra-

tion, which has not been studied yet, may take a different course. The dif-
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ference between the measured and predicted transition enthalpies for the

AT heteroduplex dodecamer should thus be regarded as the lower limit the-

reof.

The reason for the transition enthalpy being lower than expected can be

connected with specific conformational and dynamic properties of the dode-

camer duplex structure built of adjacent alternating and onr-alternating
helical sequences of A and T residues. Both kinds of sequences are belie-

ved (21,22) to adopt different conformations with respect to each other and

depart samewhat fran the classical B form. Further studies on the structure

and confonmational dynamics of the AT dodecamer heteroduplex should help to

explain its relalively low melting enthalpy.
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