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ABSTRACT

Dinucleoside monophosphates are used here as models for
studying sequence dependence of the hypochromic effect correla-
ted with base stacking. It was shown that once the contribution

due to the temperature dependent hydration change of the bases

is substracted from the thermal perturbation difference spectra

of dinucleoside monophosphates, the absorbance change of the
dimer only due to unstacking of the bases could be obtained.

In order to be able to use these corrected thermal perturbation

difference spectra as models for studying nearest neighbour
interactions in nucleic acids, it was necessary to normalize
them to 100% unstacking of the bases.

To perform this normalization, apparent thermodynamic parame-
ters were extracted from the corrected transition curves by
means of the two-state model.

INTRODUCTION

The analysis of the dispersion of the hypochromic
effect has often been used to evaluate the percentage of AU
and GC rich regions in nucleic acids (1-10). These methods
are based on the assumption that the contribution of AU and
GC base pairs to the hypochromic spectrum is independent of
their environment. However, the nearest neighbour contribu-
tion cannot be neglected in the analysis even of long nucleic
acids of quasi random sequence.

It has to be taken into account, in the analysis of the spec-
tral dispersion of sharp thermal transitions such as the ones
observed in tRNA and 5S rRNA (12,13).

Dinucleoside monophosphates are the simplest molecu-
les for studying sequence dependent properties in nucleic
acids. Here they are used as models to get more insight into
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the influence of nearest neighbour interactions upon thermal
perturbation difference spectra of nucleic acids. It is shown
that their temperature perturbation difference spectra can

be decomposed into two contributions : one due to the tempera-
ture dependent hydration change of the bases and the other

to the variation in optical density accompanying unstacking

of bases.

A thermodynamic analysis of the later contribution was
performed by means of the two-state model. Apparent AH and AS
values thus obtained were used in order to normalize it to
100% stacking of the bases.

It is shown that the corrected temperature perturba-
tion difference spectra thus obtained are all linearly inde-
pendent.

MATERIALS

ApA, ApG, ApU, GpA, GpC, UpA and CpG were purchased
from Miles (Indiana). ApC, CpA, CpU, GpU, UpC, GpC, UpG, UpU,
GpU and CpC were purchased from PL Biochemicals (Milwaukee).
In all cases, the buffer used was 0.02 M Potassium Phosphate,
PH 7.2.

METHODS

Thermal perturbation difference spectra

Thermal perturbation difference spectra of dinucleo-
side monophosphates were recorded as described in the precee-
ding paper (1l).

Melting curves

Melting experiments were performed on a DMR 10 double
beam spectrophotometer (C. Zeiss, Oberkochen). Optical densi-
ties of the solutions were recorded every 0.2°C between 3° and
90°, at 260, 270 and 280 nm by means of a papertape punch
(TALLY) .

Correction for hydration change

Thermal perturbation difference spectra of dinucleo-
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side monophosphates were corrected for temperature dependent
hydration change as described in the preceeding paper (1) by
substracting the thermal perturbation difference spectra of
their component mononucleoside phosphates at the same concen-
tration. The corrected melting curves were obtained in a simi-
lar way, by substracting the change of the optical density

of the corresponding mononucleotides from the change in opti-
cal density of a solution of dinucleoside monophosphates, all
recorded at the same concentration and temperature.

Determination of AH and AS for the stacking interaction of
dinucleoside monophosphates

Corrected thermal perturbation difference spectra
(10 temperatures, 46 wavelengths) were analysed according
to a two-state model :

NpN NpN stacked

<
unstacked g
for this reaction :

(eu(l) - e(A,T)) - AH AS

1) In K = 1n
RT R

o - sn)
where es(x) and eu(x) are the mean residue absorbances at
wavelength A of the totally stacked and totally unstacked
dimer respectively, while e(A,T) is the corresponding mean
residue absorbance of the dimer at temperature T.

K, AH and AS are the equilibrium constant, enthalpy change
and entropy change for the stacking equilibrium.
If we set :

- AH _AS
_ RT R
2) X(T) = e
we obtain :
€u €
3a) ) (A,T) X
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and

1 X
(T)
€ = — ¢eu + —_—
(A,T) 1)
1 + X(T) 1 + X(T)

3b) €5 y)

On the other hand, the absorbance e(l T) can be expressed as
’
the sum of the absorbancesof the two states :

4a) E(A,T) = fu(T) eu(x) + fs(T) es(k)

or

4b) E(A,T) = (1 - fs(T)) eu(x) + fs(T) es(x)
since

4c) fu + fs = 1

(T) (T)

where fu(T) and fs(T) are the mole fraction of unstacked and
stacked dimer at temperature T.
From (3b) and (4b) :

_ 1
5a) fu(T) = T_:_i?;;
and
X
= (T)
5b) fs(T) = T x

(T)

which are therefore only functions of AH and AS.

In order to express eu(k) and es(x) as a function of the same
unknowns, we use equation 4b at two temperatures, Ti and T.,
preferentially at extreme temperatures, e.g. 3°C and 90°C.
From the difference :

6a) ¢ _ € = (fs - fs ) x (eu - €s)
(A,Ty) (kiTj) (Tj) (Ty)
we obtain :
fauT) T oty
6b) (eu,,, - €s,.,) d
) a) £s - fs
(Tj) (Ty)
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Substituting into equation (4b), one obtains :

(e - € )
(A,Ty) (X,Tj)

(T.)
j (fs - fs )
(Tj) (Ty)

7a)

Emy T e(A,'rj) - fu

(e - € )
7b) (X,Ti) (X,Tj)

€u = €
™ B ) T e )
) (T5) (r,)

Substituting the expressions for eu and €es given in equa-

tions (7a) and (7b) into equation (4b), e(A T) can be cal-
’

culated for several wavelengths at any other temperature T.
8) (e - €

)

obs obs
(X,Ti) (A,Tj)
€calculated ~ ‘obs (fs(T-) - fS(T))
j (fs(T ) fs(T ))
(0% S (A, T5) j i
It is compared with the observed value of ¢, €obs
(A,T)

Since fu(T) and fs(T) are functions of AH and AS only (equa-
tions (2) to (4)), the valuesof these two parameters are deter-
mined by minimization of the function

f f
9) 2 - fA [T ( e )2
X = A° T €obs calc

7 (AT

The minimization is performed by the consecutive use of a
simplex method (14,15) and a gradient method. The latter
algorithm is Fletcher's switching variation of the original
Davidon Fletcher Powell algorithm (16,17).

Error calculation

Let o be the experimental error on the measured values
of e(A,T) and xz min, be the minimum value of the function x2
defined in (9). A contour line connecting all points where the
function x2 takes a value of X:in + 02 was drawn in the space
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of the two variables AH and AS (fig. 1).

The values of AHext and Asext on this contour line being fgr-
thest apart from the value of AHmin and Asmin' for which x~ is
a minimum, are determined.

The error on these two

parameters is defined AHA
as the difference bet-

ween Aﬂext and AHmin

and ASext and Asmin Error[ .

respectively. on | .
The subroutines used
for the minimization
and error calcula-

tion were taken from

]
|
!
]
!
]
A

the CERN Computer — ’
Error AS
Center program libra- on AS

ry. All calculations

Fi _ .
were performed on a igure 1 - Example of error calculation on

the two parameters AH and AS. X is the point

UNIVAC 1110 Compu- where X2 is minimum. The ellips is the line
ter (Orsay). cgnnecgl.ng ail ;:he points for which
X" = X'pin -

Normalization of the temperature perturbation difference spec-
tra to 100% unstacking

The values of eu(x) and €S (3) were calculated by
replacing AH and AS by their values determined as described
above in equations (2) to (7) and (eu(k) - es(k)) was plotted
as a function of wavelength. These plots are defined as "nor-
malized temperature perturbation difference spectra™. On the
other hand, the % hypochromicity as a function of wavelength
is defined as : (eu()‘) _ es()‘))
$ H = x 100

(@] eu
)

Calculation of the angle between the normalized temperature

perturbation difference spectra

In order to get a quantitative estimate of the degree
of similarity between the normalized temperature perturbation
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difference spectra, these normalized difference spectra digita-
lized every two nanometers between 220 and 310 nm, were treated

as vectors and the angle between each pair of vectors was
calculated :

6 = Arc.cos.(a)

where o is the scalar product between the two normalized vec-
tors :

EATRIEAL

>

and the norm : ||V]| V.V

The larger the angle between two spectra is, the
more different they are (18).

RESULTS AND DISCUSSION

In the preceeding paper two major phenomena were shown
to be responsible for the U.V. absorption change observed upon
elevation of temperature of a solution of dinucleoside mono-
phosphate. The first is the temperature dependent dehydration
of the bases. Its contribution was shown to be identical to
the thermal perturbation spectra of the component mononucleo-
tides at the same concentration and temperature. The spectral
change only due to the second phenomenon, namely the unsta-
cking of the bases, can therefore be obtained from the dinu-
cleoside monophosphate's thermal perturbation spectra, after
substraction of the monomeric contributions.

Fig. 2 shows the thermal perturbation spectra of
ApC and CpA before and after substraction of those of the
component monomers. The resulting corrected thermal pertur-
bation difference spectra are apparently homothetic and show
neat isosbestic points as was shown first for homodinucleosi-
de-monophosphates (1). Corrected thermal perturbation diffe-
rence spectra of all other heterodinucleosides were obtained
in a similar fashion and are shown in Fig. 3.

The hydration change and the stacking interactions are appa-
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nm

Figure 2 - Influence of hydration change on the thermal perturbation
difference spectra of dinucleoside monophosphates. ApC before and after
correction for hydration change. CpA before and after correction for
hydration change. The correction for hydration change was performed as

described in the preceeding paper.

Reference cuvette's temperature : 3°
Sample cuvette's temperature : 1 = 3°
6 =50° ; 7=60°;8=70°;9 =280°

rently independent.

.
’
.
.

2=10° ; 3=20°; 4=30°;5=40°
10 = 90°.

The apparent homotheticity of the corrected thermal perturba-

tion difference spectra suggests that unstacking may be con-

’
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sidered as a two-state phenomenon. If several stacked states
of dinucleoside monophosphates coexist in solution, they
probably have very similar optical and thermodynamic pro-
perties. This implies that the exchange between the diffe-
rent stacked states must be rapid. The hypochromic effect
is, however, sensitive to sequence differences. Such sequence
dependence is usually observed for optical properties invol-
ving the interaction between chromophores such as circular
dichroism and optical rotatory dispersion (19-21).
The sequence dependence of hypochromism was also predicted
by theoretical calculations (22-25).

Besides the well known hypochromism of the BlU
and Bou transitions (26), several features common to all
corrected thermal perturbation difference spectra of dinu-
cleoside monophosphates should be noticed.
A small hyperchromic effect at high wavelength, for example,
probably arises from the interaction between n - w* tran-
sitions. These transitions being perpendicular to the plane
of the bases should be hyperchromic upon stacking. Their
presence in the low energy region of the spectrum was pre-
dicted by theoretical calculations (27-28). It was also
assessed by polarized absorption spectroscopy (29) and U.V.
photoelectron spectroscopy (30-31). Moreover, gaussian decom-
position of the mononucleotide U.V. spectra at different tem-
peratures shows that the shape of their thermal perturbation
difference spectra cannot be accounted for if only shifts and
intensity change of the n7* transitions are considered (32).

An other interesting feature of the corrected thermal
perturbation difference spectra of dinucleoside monophosphates
is the appearance of a hyperchromic region below 230 nm, as
predicted by the Kuhn - Thomas sum rule (33).
The magnitude of the corrected thermal perturbation difference
spectra of dinucleoside phosphates is directly proportional
to their unstacking percentage. These compounds, in contrast
to double stranded ribonucleic acids are not completely sta-
cked in the temperature range accessible to experiment. In
order to be able to use their thermal perturbation difference
spectra as models for nearest neighbour interaction in the
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nm

Figure 3 - TPDS of 10 heterodinucleoside monophosphates
corrected for temperature dependent change
in hydration (see legend to figure 2).

spectral analysis of nucleic acids, it is therefore neces-
sary to normalize them to 100% stacking of the bases.

The thermodynamic parameters needed to perform this
normalization were extracted from the corrected melting pro-
files by least square fitting to the two-state model, and are
listed in table I. They are compared to values published in
the literature. The values of AH and AS determined in this
work of course do not agree with values previously deter-
mined by applying the two-state model to U.V. melting curves,
since in these studies the contribution of temperature

1991
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TABLE I - THERMODYNAMIC PARAMETERS FOR THE STACKING INTERACTION OF DINUCLEOSIDE MONOPHOSPHATES
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dependent hydration change to absorption was most of the time
ignored (19, 34-36). However, in two more recent publications
(37,38), the contribution of the monomers was substracted
from the dimers ("in order to eliminate errors due to base
line shifts") (37-38) . Ogasawara and Inoue (37) analysed the
temperature dependence of U.V. difference spectra of ApA,

CpC and GpG by the two-state model and their results are in
good agreement with ours. Watts and Tinoco (38), on the
other-hand, analysed melting data of ApA, UpA and CpA.

The agreement of their results with ours is not as good.

This discrepancy may be explained by the fact that these
authors considered the absorption of the completely unstacked
dimer equal to that of the monomers.

We observed that neglecting the residual hypochromism of
dimers leads to systematic discrepancy between the measured
and calculated melting curves.

On the other hand, comparison of our results with
circular dichroism and optical rotatory dispersion data
(18,38-42,46-48,50) is difficult because these data show a
wide range of variation among themselves. This situation
can be partly explained by the intrinsic difficulty of
applying the two-state model to dinucleoside monophosphates
melting curves, which are very smooth and show no neat
plateau in the temperature range accessible to experiment.
Therefore a reliable determination of the apparent AH and AS
requires a great number of experimental points. The discre-
pancy may also be explained by the fact that circular
dichroism and absorption show different geometry dependence.
The value of the fraction of bases stacked at 20° calculated
from the absorption data is also usually higher than that
calculated by Lee and al. and Ezra and al. from PMR data
using the ribose coupling constants (43-45). Again, the
temperature dependence of chromophore interactions in absor-
bance spectra will be different from the conformational varia-
tions of the sugar puckering during unstacking.

Finally, it should be noticed that values of AH and
AS for ApA calculated here show a good agreement with those
determined from calorimetric measurements by Breslauer et al.
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(51) . Indeed, these authors measured the AH corresponding to
the pH induced disruption of that degree of base stacking

that exists in ApA at 28° and found a value of AH of 2.65

Kcal t 0.23. The value of AH we find for the overall reaction
is 5.4 + 0.3 and the fraction of bases stacked at 28° is

fs = 0.61 * 0.13 ; therefore, the corresponding value of AH for
this fraction of stacked bases at 28°C will be 3.3 Kcal/mol

+ 0.9. The stability of the stacking interaction between nuc-
leic acid bases is in the order RpR > gps > YpY.

It is roughly proportional to the polarizabilities of the bases,
outlining the importance of polarization forces in the stackin§
process (52).

Plots of the calculated hypochromicity as a function
of wavelength for the hypothetical 100% stacked state of
dinucleoside phosphates are presented in figure 4.

Homodinucleoside phosphates are usually more hypo-
chromic than heterodinucleoside phosphates. Among the later,
pyrimidine 3'-purine 5' stacks are the ones which display
the smallest hypochromic effect (except in the case of CpA).
These observations can probably be correlated to the geome-
try of the base - base overlap.

Use of thermal perturbation difference spectra of
dinucleoside phosphates as models in the analysis of longer
polynucleotide thermal perturbation difference spectra also
requires that these difference spectra are linearly indepen-
dent. In order to evaluate quantitatively their degree of
similitude, we calculated the angle between each pair of
difference spectra (table II).

From this evaluation no clear relation between the simila-
rity of the difference spectra and their content in AU and GC
appears. Therefore, analysis of nucleic acids thermal pertur-
bation difference spectra using only poly A . poly U and
poly G . poly C as models in order to evaluate their content
in AU and GC are probably oversimplified.

1995.
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250

UpA

7<hypochromicity

Figure 4 - Plot of the percentage hypochromicity as a function
of wavelength for the hypothetical completely stacked
state of the 16 common dinucleoside monophosphates.
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TABLE II - ANGLE BETWEEN PAIRS OF DINUCLEOSIDE MONOPHOSPHATES CORRECTED THERMAL PERTURBATION DIFFERENCE SPECTRA
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CONCLUSION

Two major phenomena were shown to be responsible for
the change in optical density observed in dinucleoside monophos-
phates upon temperature elevation : the temperature dependent
hydration change of the bases and the unstacking of the resi-
dues. )

The optical change due only to this last phenomenon
could be analysed by means of the two-state model. Thermody-
namic parameters needed to normalize these corrected theimal
perturbation spectra to 100% base unstacking were thus extrac-
ted. V

A quantitative evaluation of the degree of similarity
between these normalized difference spectra revealed that these
could not be classified according to their base composition
only, but were very sensitive to sequence differences.

Whether the difference spectra obtained in this work can be
used as model for the analysis of longer nucleic acids or
not, depends on the similarity of the geometry of the base
stack in the dinucleosides and in the polynucleotides.

This will be the object of a forthcoming paper.
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