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Figure 20-12

The n-s plane for @ = 10™*, The contours of 0 = 0.9 and # = 0.1 have been
chosen arbitrarily as the boundaries of the transition. Along the solid
diagonal line, half of the chains contain a single unbroken helical section.
[After B. H. Zimm and J. K. Bragg, J. Chem. Phys. 31:526 (1959).]

dominate under these conditions. If we now pass from the helical to the coil state at
large n (along D — E — F), we move through a transition region in which the chains
have alternating random and helical sections. Thus, the microscopic species present
in the transition vary considerably with n.

The treatment in Section 20-7 is inaccurate on one point. In actuality, a helix
sequence starts by ordering three residues simultaneously, so that the first hydrogen
bond can be formed. We ignored this fact, but it can be taken into account by increas-
ing the dimensions of the matrix M. However, the approximate model used here is
quite accurate for large n. Furthermore, the accuracy improves around 6 = 1/2.
Therefore, in many practical situations, there is no need to consider higher-order
matrices.
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Fig. 3. Correlation diagram between Tmn values and stacking energies. The values for
stacking energies are taken from Ref. 34. The regression line is also shown.

sequence has the lowest stability and that by UAG the second lowest among
triplet codons if the order of stability of doublets in RNA is similar to that
of the negative stacking energies obtained by Rein and coworkers.33:3¢ This
adds credibility to the hypothesis that “termination sequences have been
selected because of their low abilities to form complementary complexes”
proposed by Grosjean et al.3 on the basis of their observation that the
anticodon—anticodon interaction between tRNAs involving the UAG ter-
mination sequence is anomalously weak.

There has recently been much interest in detecting local deformation
in the DNA double helix.22394! The wide range of vertical stacking forces
may be involved in these local structural variations in DNA. Itis also likely
that the weak pyrimidine-purine links are the sites of kinks in helix,*2
strand breakage, and/or acceptor sites of chemical drugs,*>#* mutagens,
and carcinogens.*> Furthermore, stacking heterogeneity may be an im-
portant factor that determines stabilities of short duplex stems in tRNAs,
mRNAs, and hairpinlike structures near functional loci in DNA (e.g., Ref.
46) predicted from nucleotide sequences. Our present results afford a new
insight into the correlation between the sequence, stability, structure, and
function of regions of DNA.

The authors are grateful to Professor Akiyoshi Wada, Dr. Hideki Tachibana. and Dr. Yuzurn
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Table 23-4
Thermodynamics of adding a base pair to a double-stranded helix
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Note:  The assumed values for the standard (strand concentration of 1 M) free energy of initiation at 25°C are

+ 6.0 keal for an AU base pair and + 5.0 keal for a G- C base pair. In the last reaction, X and Y are any Watson-=
Crick complementary base pair.
Sourct: After P, Borer et al,, J. Mol. Biol. 86:843 (1974)
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— Ta,i(Tmn[new]) + upDil; 2

is minimized, where I; » = 1 if region i is included in DNA fragment k, but
otherwise I; , = 0. uy is a weight in the range 0 ~ 1, and D, which is to be
determined, represents the degree of shift of the melting profile of fragment
k from the standard profile. Melting profiles with similar D}, values were
combined, and the actual number of independent D;’s was reduced to two
or three in most iteration series.

All the calculations were carried out on a disc-based YHP 2108A com-
puter. The programs were written in FORTRAN with several ASSEMBLER
subroutines which were devoted to manipulation of nucleotide sequences
encoded into binary numbers.

RESULTS AND DISCUSSION

We began the least-squares iteration series with u; = 0 for all fragments,
w; = 1 for the 24 regions with An; = 0, and w; = 0.1 for the other regions.
Several values of AS (18 ~ 28 e.u.) and various functional forms of g3
were examined in order to get better fits of the calculated and observed
melting profiles. Although coarse outlines of melting profiles were de-
termined by —In(e;/AS) (j =~ 300), the best results were obtained with AS
= 22 ~ 26 e.u. and g; of the form?3 ¢; = go(j + d)=¢ (c = 1~ 2, d > 200).

The fits were further improved by using larger w; and/or u, values for
the regions or fragments for which discrepancies between T ; and T, ; i were
prominent. We examined various combinations of w;’s and uy’s. Itera-
tions were repeated a few times for each set of w;’s and us’s. Further
repetitions did not usually improve the fits. Occasionally fitting was at-
tempted on a subgroup of fragments (e.g., fd fragments only). About 200
different sets of Tn's were thus obtained. Each time an iteration series
was accomplished, several values for oo (and sometimes for ¢, d, and AS)
were reexamined. The total number of different sets of parameters used
for calculations amounted to nearly 1000.

The T'mn values listed in Table I and other parameters specified in the
legend to Fig. 1 gave the best-fit profiles among them. T’y values which
were largely different from those listed in Table I yielded significant loss
of fits for several fragments, even though they gave better fits for one or
two fragments. However, uncertainty of several degrees in each T’y value
could not be eliminated due to the limited number of sample profiles and
to ambiguity in the relative importance of the shift term urDypI; .

Figures 1 and 2 show the calculated melting profiles superimposed on
the observed ones. Good agreement of the two profiles is apparent. We
also calculated hundreds of melting profiles for each DNA fragment usmg
two terms of stability parameters for A-T and G-C base pairs with various
combinations with other thermodvnmamic narameters (unnihlichad pranlt A
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TABLE 1
Stability Matrix for Nearest-Neighbor Stacking Doublets®
31‘
5 A T G C
T 36.73 54.50 54.71 86.44
A 54.50 57.02 58.42 97.73
C 54.71 58.42 72.55 85.97
G 86.44 97.73 85.97 136.12

a Tyn values at Nat = 19.5 mM are shown in °C.

— Ta7 = 40 ~ 50°C; chain association factor, 3Co = 103 ~ 10~10; and
various functional forms of ;2123 (e.g., o = 1073 ~107%, ¢ =0~2,and d
=1~ 500 for o; of the form o; = 0p(j + d)~¢). In this way, however, we
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Fig. 1. Comparison of theoretical (solid line) and experimental (dotted line) melting profiles
of restriction fragments of fd DNA. Helical contents 0 were calculated at intervals of 0.1°C,
and thermal derivatives were obtained by six-point linear fitting routine (Ref. 22). The Tmn
values used for the calculations are listed in Table I. Other parameters are: AS = 24.54 e.u,;
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The bonding matrix defined in Figs 1(a) and 2(a) exhibits all potentially admissible base-
pairings but not their stability ranks. The latter can be exhibited by plotting the probability
of each base-pairing in a helix state on the axis of the direction vertical to the two-
dimensional plane of the matrix. We refer to this map as the bonding probability map
(Suyama et al., 1983). The entire picture of the progressive unfolding transition can be
manifested by displaying a series of changing bonding probability maps. The unfolding starts
from the map of the ground state. As the transition proceeds, the probabilities in the helix
state decrease from the unstable portion and finally all vanish at the complete separation of
two chains or the complete denaturation in DNA or RNA, respectively. The problem of
stability distribution is solved when all the patterns of these changing bonding probability
maps are known.

The series of unfolding patterns in DNA is displayedina three-dimensional illustration, as
shown in Fig. 4. Here, a DNA melting surface in a three-dimensional space consisting of the
base-position axis, i, the temperature (or other double helix unfolding perturbation) axis, T,
and the axis that indicates the state probability of each base, p, is plotted. In the DNA
bonding probability map, only the upper left to lower right diagonal elements have a
meaningful value. The unfolding of the DNA secondary structure is thus clearly represented
by the melting surface shown in the figure.

d(1-8)/dT

0.0
72.0

68.0 T

] 1000 2000 3000 4000 5000 6000
1 6646

i (bp) -

FIG. 4. A melting surface of Col El DNA in 0.1 x SSC plotted in a three-dimensional space which

consists of the temperature, T, base position, i, and base-pairing probability, p, axes. The melting

profile (a T vs (1 —0) plot, where @ is a helix content), which is a projection of the melting surface onto

the T-p plane and is conventionally obtained by spectroscopic measurement, is plotted on the upper
left together with its differential curve.

2. Different Theoreticak Achievements Between DNA and RNA

In comparison with the theoretical achievement in DNA which made it possible to
delineate the melting surface shown in Fig. 4 in the above section, the statistical
thermodynamics of the RNA chain remains obscure. The reason is based on the structural
complexity of RNA secondary structure due to the lack of perfect complementarity in the
base sequence and molecular chain topological constraints in counting admissible bondings
(see Section IL. 4).

By definition, each admissible base-pair can take two states, bonded and non-bonded.
Hence, the number of possible states of DNA is ~2" and that of RNA is ~N". We must
account for many more states in RNA than DNA in statistical thermodynamic calculations.



