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At&act 

Heat induced helix-to-coil transitions are studied in the form of ultraviolet-hypochromicity profiles by 
absorbance spectroscopy, and AC,-curves by differential scanning calorimetry of self-complementary ribonu- 

cleotides. The results are analyzed and compared. Van ‘t Hoff transition enthalpies derived by UV-experi- 
ments incorporating concentration variations are found to differ from six-parameter and two-parameter 

Marquardt-fits on the melting profiles. A measure for the maximum number of nucleotides in intermediate 
states is obtained from a statistical deconvolution. It yields a range from 12.5% for the shortest nucleotide up 
to 31.5% for r(lJA),. Model independent calorimetric data are reported. A limit for intra-molecular 
loop-formation preference is reached by rCKUA),C within this sequence. 

Keywords: A-U-rich oligoribonucleotides; Ultraviolet absorption spectroscopy; Marquardt-fit; Differential scanning calorimetry; 

DSC-deconvolution; Loop-formation 

1. Introduction 

Fast and sophisticated algorithms to calculate 
oligo- and polynucleotide secondary structure de- 
rive with some success a theoretical minimization 
of energy by effective selection of basepairing 
[l-3]. This estimation of complex properties de- 
pends on . the quality of its set of nearest- 
neighbour parameters. Some sets of parameters 
are commonly applied and they are constantly 
improved [4-61. Still further measurements are in 
request. New studies show that different se- 

* To whom correspondence should be addressed. 

quence dependent elements of secondary struc- 
ture occur in addition to classical basepairing as 
for example hydrogen bonds with the backbone in 
hairpin loops or unusual basepairing [7,8,20]. 

In order to refine thermodynamic parameters 
and to exclude unclassical behaviour this study 
compares further self-complementary ribonu- 
cleotides. In addition to the most common evalu- 
ation of transition parameters by ultraviolet melt- 
ing-profiles we measured excess-enthalpies by 
model-independent calorimetric experiments 
(DSC), evaluated the size of the cooperative unit 
and deconvoluted the shape of the AC,-curve 
[12]. This leads to a specific interpretation of the 
UV-experiment. The comparison of alternating 
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and non-alternating A-U-systems gives a favor- 
able statement for the nearest-neighbour approxi- 
mation for these systems up to terminal G-C- 
basepairs and loop formation. 

2. Materials and methods 

2.1 Preparation of rA,lJ,; @A),, n = 5-7; rG 
(UA),C, i = 4-6 and rG(AU),C 

An enzymatic synthesis by rA, and UDP as 
described by Breslauer et al. led to rA,U, [9]; the 
alternating oligomers were obtained from the 
synthesizer by the method of Usman et al. [lo]. 
All chemicals for the enzymatic synthesis were 
purchased from Boehringer (Mannheim), the 
monomers for alternating synthesis were pur- 
chased from Milligen (Eschborn). An Applied 
Biosystems 380 A-system was used for synthesis. 
The products were characterized by polyacryl- 
amide gel-electrophoresis and quantitative FT-IR 
spectroscopy in the 1750-1.550 cm-‘-region 
(D,O) (Bruker IFS 113v-spectrometer). 

The preparative isolation was carried out on a 
Fractogel TSK DEAE-650(S) (Merck) MPLC-col- 
umn as described by Rockstroh and Wangler [ill. 
The separation from the reaction-compounds was 
achieved by a linear concentration gradient at pH 
10.4 in 10 mM Tris from 0.1-0.6 M KC1 (2 X 1000 
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ml). Figure 1 shows the profile of elution of fully 
deprotected &A),. The fraction was desalted by 
a TEAB-batch procedure on Fractogel. TEAB 
was eliminated by three-time rotary evaporation 
and resolution. Traces of salt and TEAB were 
eliminated by gel-filtration through a Sephadex 
G-10 column (Pharmacia) [12]. 

2.2 Sample preparation 

All measurements reported were performed in 
buffer solutions containing 1 M NaCI, 0.01 M 
sodium phosphate and 10m4 M EDTA at pH 7. 
Defrosted or resolved probes containing G-C-se- 
quences exhibited reversibility after being heated 
one time up to 95°C. All concentrations were 
determined spectroscopically. A semi-empirical 
method used nucleotide increments compiled by 
Borer et al. to calculate extinction coefficients at 
25°C as shown in Table 1 [131. 

2.3 W-experiments 

Nucleotide concentrations and ultraviolet 
melting profiles were recorded with a Perkin- 
Elmer Lambda 7 UV/VIS spectrometer at the 
absorption maximum near 260 nm. The melting 
profile was recorded on an analog x-y plotter 
and digitalized, the temperature was measured in 
the reference-cell. The heating rate was l”C/min 

0 Elution 1000ml 

Fig. 1. Elution profile of reaction-compounds for 1 ymol IQJA), which was isolated on a Fractogel TSK DEAE-650(S) 
MPLC-column by a linear KCl-gradient 0.1-0.6 M (2x 1000 ml) at pH 10.4 to avoid secondary structure effects. 
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Table 1 

Extinction coefficients E of the oligomers at 260 nm and 25°C 

Nucleotide E (M-l cm-‘) 

TA6U6 11040 

rlUA), 11780 

GJA), 11760 

dUA), 11740 

rG(UA),C 11140 

rG(UA),C 11230 

rG(AU),C 11190 

rKJA),GCKJA), 11210 

rGKJA),C llZ!Xl 

in a range of 5 to 75°C. Each sample exhibited 
high reversibility, samples which did not regain 
their 25”C-absorption after the melting experi- 
ment were not used. 

2.4 Differential scanning calorimetry 

DSC experiments were carried out with the 
DASM-4 calorimeter (V/O Mashbriborintorg 
USSR) (for a review see [14]). The active size of 
the cell is 0.47 ml; the required sample size is 0.9 
ml. The absolute enthalpic effects which could be 
evaluated by these transitions were in the mJoule 
region, thus the nucleotide fraction contained 
more than 15 OD. Heating rate was l”C/min and 
the 25”Cabsorption was checked after melting 

experiments. All experiments were carried out 
three times and the results averaged. 

3. Results 

3.1 Optically derived thermodynamic parameters 

Homologous selfcomplementary A-U-oligo- 
nucleotides with a chain length shorter than 20 
bp form double helical structures [151. The bi- 
molecular formation is concentration-dependent. 
If an “all-or-none” process with a degree of tran- 
sition CY is presumed the sigmoidial transition 
profile of the hypsochromic effect depends on the 
van ‘t Hoff enthalpy AH?& and the total strand 
concentration C, according to the equations [16] 

i-l83 
1 R AS 

T, - A%. 
--lnC,+- 

AK%. 

(1) 

with T,, at CY = 0.5. 
T, was evaluated by a normalisation of the UV- 
melting profile. A simple linear regression using a 
few pairs of data lying outside of the transition 
area was applied to find the asymptotes. Figure 2 
shows the measured concentration dependence of 
l/T, for r(UA), in the upper line. 

3.25 o AH han’t Hoff) = -365 kJ/mol cooperative unite 

T 3.20 - UV - cone 0 
s 
‘E l- 

: 3.15 - 

In (C,) 

Fig. 2. l/T, vs. In C, of r(UA), by several methods. 
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Fig. 3. Least-squares fit of the UV-melting-profile of 
rG(AU)& in 1 M NaCl at pH 7 as a normalized a(T)-curve 

and an “all-or-none” transition. The lower part shows the 
typical shape of the minimized difference between the experi- 
mental and simulated degree of transition Aa( Pure UA- 

sequences showed a 50% lower amplitude. 

Since the results for T, and thus AH,.,. being 
sensitive to the choice of the basepoints for the 
regression, a X2-minimization routine according 
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to Levenberg and Marquardt was programmed 
[18]. In order to express the sigmoidal transition 
as well as the asymptotic nature of the tempera- 
ture dependence and of the single-(& and dou- 
ble-strand (ds) extinction, a six-parameter model 
was used: 

E=4%,T+4l,) + (l-a)(%T+k,), (3) 

K= (y 
2C,(l -a)” 

(4) 

The normalized cu(T)-plots were aligned by a 
similar two-parameter routine. The results of both 
procedures converge towards simulated curves. 

These procedure yield significantly different 
values in comparison with the common indirect 
methods according to eq. (1) and (2). Figure 3 
shows a typical result of a two-parameter fit. The 
area between the theoretical curve and the exper- 
imental curve is shaded. Similar differences have 
been reported by Longfellow et al. [17], where 
previously good agreement had been assumed. 
The lower part of Fig. 3 represents the difference 
between the curves A&‘>. 

The different results are indicated by small but 
crucial differences of the curves. Although all 
goodness-of-fit R-factors seemed to be quite small 

T, and AK.,. and the transition entropy AS 
depend on the accuracy of the asymptotes. The 
transition curve is asymmetric which causes a 
further uncertainty in their position. The effect of 

220- 
Sample:0.0000399 mflol Duplex 

y ,80_ AH = 421kJlmol Duplex AS = 1292 J/deg mol Ouplex 

2 
fi? 
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20- 
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Fig. 4. DSC transition curve of the nucleotide rG&JA),C in I M NaCl, pH 7. The transition enthalpy is registered differentially as 
AC,(T). The chosen integration boarder is indicated. 
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Table 2 

A comparison of the van ‘t Hoff enthalpies AH”_” (kJ/coop- 
erative unit) derived by several methods. UV-experiments: 
concentration-dependent T,-estimation, Marquardt-fit and 

calorimetry (DSC) 

Nucleotide - AH, H (kl/mol cooperative unit) 

rA J-J, 
r(UAj, 
r(UA), 
r(UA), 
rG(UA)& 
rG(UA),C 
rG@J),C 
rKJA),GCKJA), 
rCi(UA),C 

. . 
uv UV-Marquardt DSC 

384 298 375 

280 261 309 

365 277 349 

394 312 418 

371 302 351 
398 310 425 
412 321 433 

533 341 (566) .483 
no concentration dependence of T,, 

the concentration on T, as calculated by the 
algorithm is shown in Fig. 2 as the middle plot for 
(UA), as one of our best fits. 

3.2 Model-independent parameters 

Figure 4 is the typical differential AC,(T)-plot 
of a helix-to-coil transition of rG(UA),C, also 
showing the asymmetrical transition. By integrat- 
ing the curve a real heat of transition AH”“’ per 
sample size was obtained. The same integration 
leads to the A&)-curve which can be inter- 

preted by eq. (1) yielding a AH:\, derived from 
calorimetric data. 

The plot of eq. (2) using the calorimetric data 
is compared with the optical results in Fig. 2. 
Table 2 compares the different values of AHV.u: 
While the Marquardt-routine appears to produce 
an average linear relation the normalisation by 
regression of asymptotes shows the correct AH,,uI 
Thus a straightforward regression neglecting the 
assumption of the six-parameter model gives a 
consistent shift of T,,,. This is why our fitted 
parameters can be improved by cutting the 
asymptotic parts by neglegting the basic model. 
This procedure was adopted for the nucleotide 
with highest cooperative “melting” of (UA), 
GC(UA),. The value is mentioned in Table 2 in 
brackets. The constant AS/AH,,,, in eq. (1) is a 
function of two observables. This causes the di- 
vergence in Fig. 2. 

A model-independent transition entropy AS 
can be calculated by the integral 

Thus, the complete set of transition parameters 
listed in Table 3 is obtained. The length of the 
cooperative unit A = AH&A Hca’ as a measure 
of cooperativity in large aggregates is a function 
of intermediates, higher aggregates and the length 

Table 3 

Calorimetric and model-independent thermodynamic parameters of thermally induced reversible denaturation of self-complemen- 
tary nucleotides. In contrast to shorter nucleotides all values of rG(UA),C belong to a hairpin-loop denaturation 

Nucleoride 

AU, 

- A&H. -AH -AS - AC (37°C) 

&J/mol “) (W/m01 b, (kJ/mol b.K) kf/mol b, ;A H,.,.,AH~ 

375 348 1.09 10 1.08 

dUNS 309 281 0.88 8 1.1 

&A), 349 338 1.06 9 1.03 

r(U.41, 418 415 1.28 18 1.01 
rGWA),C 351 350 1.09 12 1.01 

rGWA),C 425 418 1.28 21 1.02 

rGfAU),C 433 414 1.21 20 1.05 

rWA),GCWA), 483 449 1.34 33 1.08 
rGWA),C 169 ’ 171 0.52 10 0.98 

a Mol cooperative unit. 
b Mol duplex. 
’ This value is exclusively derived from the slope according to eq. (6). 
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5*$.lJ':':':UA 

CAUAUAU 

Fig. 5. Secondary structure of rGWA),C. The loop-region 
exerts no influence on the double-helical part which causes 

the total enthalpic stability. 

of the nucleotide [12]. A value near unity does 
not indicate an “all-or-none” transition. 

With rG(UA),C the behaviour changes. The 
data exhibits high thermodynamic stability with a 
T, of 48.7”C, no concentration dependence and 
low enthalpic contribution. AHCal reaches only 
171 kJ and AH”.“, is 169 kJ/mol which can be 
derived by 

AH&,= 
T, 

assuming an intramolecular, unimolecular transi- 
tion. Thus this oligoribonucleotide finds a 
favourable initial step to form a hairpin-loop. 
This domain cannot be formed with any shorter 
homologue or by the 1Cmer without G-C- 
basepairs under these conditions. Figure 5 shows 
the most probable secondary structure, a simple 
addition of the stem increments gives excellent 
agreement assuming no enthalpic effect of the 
alternating pyrimidine-purine loop. A further 
IR-experiment indicated unstacked adenine 
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residues even at low temperature. In natural RNA 
loops of this size are the most common. 

3.3 DSC-deconuolution 

The comparison of UV-results in Fig. 3 indi- 
cates a deviation from the fitted model in the 
transition area. The AC,(T)-curve can be decon- 
voluted in order to estimate the fraction of inter- 
mediates according to Freire and Biltonen 1191, 

M 
The fraction of fully double-helical aggregates 

will be 

F,= exp( -/i$dT), 

where (H) is the calorimetric heat contributed 
to the transition enthalpy up to the temperature 
T per mole double strand, and TO is a value for 
the starting point of the transition indicated by 
Aa( The fraction of completely denaturated 
nucleotides is 

F,=exp - :I(AHca’-(H))$dT), (8) 
ii 

where T, is the assumed endpoint of transition 
from h(T). The amount of aggregates which do 
not participate in these “all-or-none” fractions 
are calculated by the summation 

F,=l-(Fob+F,). (9) 

Fig. 6. DSC-deconvolution. Subtraction of the fraction calculated by an “all-or-none-transition” and the apparent enthalpic effect 
of rGWA),C. In this case the maximum fraction exceeds 28%. 
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Table 4 

Maximum fraction of intermediate by DSC-deconvolution. 
Note that a terminal G-C-basepair does not significantly 
suppress intermediates 

Nucleotide Fi.max (%) 

rA6u6 

dU*), 
dUA), 
r(UA), 
rG(UA),C 
rG(UA)& 
rG(AU),C 
~KJA),GC(UA), 
rGWA),C 

30 
13 
20 
31 
20 
28.5 
27 
18 

Figure 6 shows an example of this deconvolution. 
A initial approach will be to use the highest 
fraction of intermediates c.,,,= in Table 4 which 
is calculated from the condition of eq. (10). 

aF,(T) o -= 
aT . 

4. Discussion 

The set of parameters offered in Table 3 gives 
a good agreement in the 5%-region of the ‘A&J, 
melting behaviour and its alternating homologues 
which could not be expected. The same agree- 
ment is expressed by published parameters of 
shorter and longer non-alternating nucleotides in 
this series. With an enthalpic increment of about 
29 kJ/mol, simple additive nearest-neighbour be- 
haviour for an A-U-stem is probable. Since we 
find the same behaviour for G(UA),C and 
G(AU),C, terminal G-C-basepairs appear to be 
simply added to the alternating A-U-nucleotides. 
Terminal G-C-basepairs increase thermal stabil- 
ity by an enthalpic effect of about 49 kJ/mol 
basepair. Even inner GC-basepairs show convinc- 
ingly the same increment. 

The interpretation of the UV melting-curves 
of the nucleotides is dependent on the chosen 

procedure. In this case goodness-of-fit pointers 
like R-factors are dependent on the temperature 
and transition interval, so they are relative values. 
The Aa(diagram, the lower part of Fig. 3 
shows systematic divergence in the transition in- 
terval. The DSC-method registers a differential 
transition curve and enables a deconvolution. 
Even for the shortest nucleotides 12% of the 
intermediate states are populated during transi- 
tion but no E(T) for this fraction is available. 
A-U-rich nucleotides do not denature in an “all- 
or-none process”. The strong GC-end does not 
affect this behaviour and “frays”, causing its in- 
creased enthalpic effect. On the other hand, these 
basepairs join the cooperative melting-process of 
(UA),GC(UA), and lower the percentage of in- 
termediates. PGrschke et al. found an “all-or-none 
process” in their kinetic experiments on a shorter 
homologue with central GC bases [22]. 

For G(UA),C the favourable entropy of an 
intramolecular folding exceeds the enormously 
unfavourable enthalpic lag of the intermolecular 
helix-formation at the same salt concentration. 
As no competitive transition can be detected by 
all the methods described, especially concentra- 
tion independence of T, a clear switch is achieved 
by exchanging the terminal A-U-pairs of r(UA), 
for G-C. In addition longer A-U-nucleotides 
previously investigated do not form hairpin loops 
under these conditions 17,151. 

A similar conclusion can be drawn with re- 
spect to the influence of enthalpic G-C-stabiliza- 
tion on intermediate populations. A good knowl- 
edge of synthetic stem-nucleotides leads to an 
understanding of the G-C-influence with respect 
to the enormous “intelligence” which natural 
DNA- and RNA-sequences do contain [8,20,21]. 
The small transition enthalpy of the G(UA),C 
sample naturally lowers the calorimetric effect. 
This unfortunately caused too much uncertainty 
for any F,,,- estimation. Further DSC and NMR 
experiments concerning transition intermediates 
and loop-formation will be reported. 

Satisfactory yields and the purity of our prod- 
ucts encourage works on oligoribonucleotides 
from the synthesizer using industrial monomeres 
with its obvious advantages for NMR-experi- 
ments or medical research. 
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