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The melting behavior of polydeoxynucleotide double helices of known structure is analyzed in terms of the thermody-
namics of helix stability, taking into account separately those contributions to the transition free energy that are propor-
tional to the numbers of polymer molecules and those that are proportional to the numbers of base pairs formed. From
the analysis of the melting transitions of helices having an alternating (d-) A-T, G-C base-pair sequence and containing either
single-strand nicks or both nicks and damaged thymine bases, the effects of these structural lesions are assessed; it is con-
cluded that, in a moderately long helix of this sequence (400 base pairs), the initizl introduction of one mid-chain double-
strand break or single-strand break preduces respectively some 3.5 or 4 times as much depression in the transition tempera-
ture (7,) as dees the destruction of a single internal A-T base pair.

1. Intreduction

A lowering of the characteristic transition temperd-
ture (7;,,) has been found [1, 2] to be =z sensitive indi-
cation that DNA has been damaged, but until now it
has been possible to correlate quantitatvely the extent
of damage with change in 77;,. With DNA of natural
origin, the problem is complicated by the diversity of
nucléotide sequences present. On the other hand, mod-
el compounds for which analysis of the transition tem-
perature is appropriate have provided valuable insight
into a variety of problems. Examples include the phys-
ical structure of t-RNA {3, pp. 343—-352] and that of
a polydeoxynucleotide double helix which contains a
thymine photodimer [4]. Here we offer an experimen-
tal and theoretical analysis of the transition behavior

of two-stranded oligodeoxynucleotides whose known
structures model three distinct classes of damage:
double-strand breakage, single-strand breakage, and
saturation of the 5,6-double bond of isolated thymine
base residues. We obtain estimates of the thermody-
namic parameters characterizing these three types of
structural lesion.

2. Materials and methods

The preparation and characterization of poly d-pT
(pGpT),. PG [A(T-G)p»] and of poly d-pC(pApC), pA
id(C-A)y > ] have been described previously [5]. Poly
G(G-T, T*) was prepared as follows. A solution of
poly d-pT(pGpT),9pG (2.67 ug-atomic weight organic
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P, mean length & = 39.8 nucleotides) and OsO,4 (161
umols) in 16 cm3 0.01 mol dm—3 phosphate, pH 7.0,
was incubated at 37°C. A 1 cm? sample was with-
dravin after 3 hourss; incubation of the remainder was
continued for a total of 12 hours. Both 3- and 12-hovr
samples were then dialyzed against deionized water at
18°C for 48 hours. The material from the 3-hour sam-
ple remaining within the dialysis cell was concentrated
to dryness in vacuo. After dissolution in 0.02 mol dm—3
Na* aqueous solution and admixture with d(C-A)
(mean length A7 = 400 nucleotides), its melting behav-
ior was determined according to the conditions out-
lined below.

The dialyzed product of the 12-hour oxidation was
concentrated to 4 cm? in vacuo and applied to a cali-
brated column (1.2 cm?2 X 178 c¢m) of Bio-Gel A-5m
{BivKad Latoratories). Elution of the column with
0.1 mol dm~3 triethylammonium bicarbonate, pH 7.5,
resulted in recovery of a single peak of ultraviolet-
absorbing material amounting to 2.53 ug-atomic weight
esterified P (94.8%); the position of elution corre-
sponded to an average length (V) of 35.1 nucleotides.
The product exhibited A, = 254 nm, €(P) = 7.350
dm? (mg-atom P)~! cm~1, 4,50/4,70 = 1.296. [The
starting material exhibited €(P)y54 = 9.170, A550/4270
=1.175.1

Transition temperatures were determined as de-
scribed by Hayes et al. [5]; some of the measurements
have been previously published. Poly- or oligonucieo-
tides of each complementary base sequence were pres-
ent at equimolar concentration in terms of P. The
mean strand length of one sequence (/V nucleotides)
was either equal or less than that of its complement
(41 nucleotides). Melting experiments were uniformly
carried ott at a sodium ion concentration of 0.02 mol
dm—3; at this concentration, 7, values lie in the range
20 to 80° over the range of strand lengths investigated
(V= 8—400 nucleotides). Prior 10 measurement of the
T3, buffered solutions of complementary poly- or
oligonucleotides were held for a minimum of 15 hours
at 4°C to effect equilibration among different helical
molecules.

Computations were performed on a CDC 6600 com-
puter at the Los Alamos Scientific Laboratory Central
Computing Facility.

3. Thermodynamics of strand association
3.1. Complementary polymers with undamaged bases

From the form of their gel-permeation chromato-
grams, we estimate that the lengths of our polydeoxy-
nucleotide preparations are distributed about the
quoted averages with a dispersion somewhat narrower
than Poisson, spanning a few nucleotides in the short-
est strands and of the order of ten in the longest. In
the meiting experiments (table 1), the strands of com-
plementary sequence are either of the same average
length, or else the larger average is close to an integral
multiple of the smaller. In either case, a variety of du-
plex species can be formed by pairing complementary
polymers of the various lengihs that are present, and
all of these duplexes will exist to some degree at equi-
librium. We shall represent the equilibrium distribution
of helices in terms of a single species: that which can
be formed by association of one strand equal in length
to the average of the longer sirands (M) with 7 = M/N
complementary strands of average length N. This du-
plex species is the one in which maximal pairing of
complementary bases occurs and, therefore, is of max-
imal weight in the equilibrium distribution. In those
cases where A7 and NV are equal, the predominant mole-
cules present thus will be intact double helices of vari-
ous lengths and, from these, the destabilizing effect of
the helix ends can be determined. In those experiments
in which NV < A4, the association of complementary base
sequences will give rise to double helices in which num-
bers of phosphodiester bonds are absent in one strand.
Aside from their being confined to but one of the
strands, the resulting single-strand interruptions will
resemble the “nicks™ that would be produced in the
polydeoxynucleotide double helix by the limited ac-
tion of an endonuclease. These cases, then, provide a
means whereby the effects of what we shall ierm single-
strand nicks can be assayed.

At equilibrium, the system free energy is at a mini-
mum and, therefore, stationary; an equivalent form of
this condition is that duplexes and their single-strand
components be present at such concentrations that the
net free-energy change upon dissociation of the equi-
libriumm-average duplex is zero. Using superscripis to
distinguish single-strand and double-strand species and
subscripts to indicate numbers of nucleotides, we may
write:
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Table 1

Melting temperatures of double-stranded oligodeoxynucleo:ides having undamaged base moieties

N M C Ty
(nucleotides) (nucleotides) (mol- dm—3) x 107 )
Sequence: d(C-A) or d(T-G) d(C-A) or d(T-G)
420 420 1.05 352.1
154 154 2.90 3479
66.5 66.5 6.70 3452
36 36 11.94 339.6
273 27.3 17.40 333.3
20.4 204 22.55 326.9
Sequence: a(c-a) a(T-G)
84 160 3.76 346.3
36 160 14.75 340.6
36 160 7.37 3399
36 160 0.732 3375
32 149 5.69 339.8
20.8 160 10.95 329.7
16 500 9.68 324.4
16 500 9.68 322.9
11 500 13.93 311.4
11 160 20.07 3094
Sequence: a(1-G) d(C-A)
67 148 4.91 346.5
39.8 400 4.14 339.9
32 500 4.98 338.4
26.6 148 10.51 335.1
20 148 27.21 332.0
20 148 12.77 330.2
20 148 1.65 325.4
13.2 148 17.20 3171
8 148 30.90 293.2
hole or, equivalently, the sum over all possible
AG=0=GBS — GSS — MIN-GSS m asaw s €d > e SE
7 25 ke N locations of its center of mass within the solution vol-

Each free energy term in eq. (1) represents a sum over
all possible states of polymer molecules of the appro-
priate species in the solution. In writing AG as a sum
of independent terms, we limit ourselves to dilute
polymer solutions.

The class of all possible polymer states can be fac-
tored into two subclasses. One of these includes those
states that involve the relations of nucleotide units to
one another — internal states of the polymer; the other
comprises the states of motion of each polymer mole-
cule as a whole. From this latter class, a contribution
to each term of eq. (1) comes from the sum over all
possible translational motions of the polymer molecule

ume. Employing the subscript “c” to indicate that the
summaticon is applied to the centers of molecular mass,
each such free-energy contribution may be expressed
in the form:

G = RTIn(K; Cas) » @

where we have assumed that the free energy of transla-
tion depends solely on volymer molecular weight. The
invariance of polymer energy with position then makes
possibie a simple estimate of the factor Ky,: there is
an effective mass — the polymer mass plus that of a
small volume of solvent whose motion must be corre-
lated with the overall translation of the polymer — for
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which the energy states corresponding to the center-of-
mass motion can be reckoned as approximately those
of a free particle. This gives [6]:

Kps=e 1 «(h2[27 Mm kT)312 (6 X 1020) molar—1cm3.
@)

As before, M represents the polymer length in nucleo-

tides, while »z, represents the effective mass in grams

of a single nucleotide residue. [The quantities /2 and k

are Planck’s constant and the Boltzmann constant, re-

spectively.]

Another variable strictly separable from the internal
states is the orientation of a line passing through the
two ends of each polymer molecule. All orientations
are energetically equivalent; an argument parallel to .
the one just made, but this time involving the energy
states of a free rotator, gives for the free-energy contri-
bution due to rotation the expression: -

Gy =-RT {?—:6 QI1+1)

Xexp[—I(l + 1) 122 Mm, 72 (RDLT] } , (€))

where (R2) is the mean-square end-to-end distance of
the polymer, measured in Angstrom units. Approxi-
mating the sum by an integral yields a closed expression:

Gy = —RT In [2Mn2m (R2) kT/h2] . 3

For single-stranded polymers, the quantity (R2) can be
taken equal to Mb?2, where b depends on the polymer
stiffness. For b, we have adopted the value 7 A, which
is consistent with the stiffness of single-strand ribopoly-
mers determined by Inners and Felsenfield [7]. Over
the range of molecular weights involved in our experi-
ments, the double-sirand forms act essentially as rigid
rods; for them we take (R?) equal to 57242, assigning
a the value 3.5 A. A separate expression for the rota-
tional free energy is thus necessary for each polymer
type. For double-strand forms, for example, we em-
p]d}r the notation:

GDS =+ RTIn(65%), 3"

where B%S, is the reciprocal of the bracketed expres-
sion in eq. (3’). A parallel notation is used for single-
strand forms.

From the development to follow, it will become
clear that the logarithms of K3y, K92y, etc., as well as

of the various s, occur only in linear combination
with two parameters describing entropic effects which
occur respectively at double- and single-strand ends.
The parameters are evaluated by fiiting melting-point
data to the thermodynamic equation; obviously one
could equally well have determined values for the lin-
ear combinations by such a procedure. Thus, the util-
ity of the approximate values we have adopted for the
various K’s and 8’s lies in sharpening the interpreta-
tion of the fitted parameters and, for this purpose,
order-of-magnitude estimates are very helpful.

All remaining contribudons to the overall change in
iree energy come from changes in the energies of the
inter- and intranucleotide states (vibration, torsion,
roiation) as duplex molecules are formed. It is these
we wish to determine by fitting the 7, data, and to
this end we will introduce a minimal set of thermody-
namic parametess to describe them. Consider first that
the situation of a set of nucleotides comprising the re-
peating sequence in the interior of a long polymer,
either single- or double-stranded, is equivalent to that
of its neighboring sets; each set, therefore, will make
an equivalent contribution to the free energy. Let the
free energy difference per base pair as between the in-
teriors of a long duplex and the two dissociated strands
be AG;,. We divide AGy, into its enthalpic and entropic
parts and regard each as a parameter to be determined
from the data:

AGy = AHy — TAS . @

Perhaps it is worth emphasizing that eq. (4) includes
all changes that are invariant to rotation and transla-
tion of the polymer as a whole, including those owing
to changes in solvent states upon duplex formation.
Near the ends of a duplex, the situation is different.
The position of the last base pair is stabilized by one
instead of two stacking interactions, and it will conse-
quently be free io explore a greater range of its config-
urational space; the end will be “frayed”. A similar ef-
fect can be expecied at the ends of single strands but,
since in the frayed duplex the pairing inieraction be-
tween complementary bases is also affected, the free-
energy contribution due to this base pair will differ
from AG;,. More specifically, it might be expected that
the enthalpy change attributable to this base pair
would be less negative than AfL, whereas the corre-
sponding change in entropy would be more positive
than AS;,. This behavior need not be confined exclusive-
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ly to the terminal base pair but may extend with de-
creasing effect toward the interior of each polymer.
Its net effect will be »nanifest in a dependence of 7,
on the proportion of the polymer so perturbed; there-
fore, we introduce two additional parameters charac-
terizing the perturbation in enthalpy and entropy per
duplex end. Because of fraying, the effects of base
damage (to be considered later) will differ depending
upon whether the damaged base is located near an end
or at an interior position; therefore, we need an esti-
mate of the extent of the frayed regions. As our data
are unable to furnish an independent measure of this,
we roughly (and somewhat arbitrarily) characterize
the end perturbation in enthalpy as the equivalent of
a number, £, of nucleotide units at each end for which
setting AH per base pair to zero gives the required per-
turbation. For each of these¥E pairs, AS is taken as
AS,, not necessarily equal to AS;,. Thus, per duplex
end, we have a perturbation in free energy relative to
a model in which end effects are ignored which can be
expressed as:

AG, = —EAH, — T-E(AS, — AS,), (5)

AS,, and £ being regarded as two new parameters
which may be varied independently in the fitting pro-
cess. We characterize the effect of single-strand inter-
ruptions in the intcrior of a duplex in an analogous
way . There are (M/IV — 1) of these in the representative
duplex, and at each we represent the perturbation in
AG by the equivalent number, I, of base pairs on each
side of the interruption for which seiting the enthalpy
per base pair to zero gives the overall perturbation in
enthalpy. Again allowing the entropy change per base
pair to differ from AS},, we obtain for the perturbation
in AG from that of an ideal helix:

AG; = —2U[AH, — T(AS; — AS)] -' ©®)

If we insert all of the terms (2) through (6), extract
the concentration dependence from (2), and mcve it
to the left side, we obtain the following version of eq.

(i)

DS

chs Kam
—RTIn W—RT]HW
.6
+RTIn LM[ T ARy — TAS,)
Oprlon 11

—2E[AHy, + T(AS, — ASy)]
—2MIN — 1) T[AH,, + T{AS; — ASp)] - @)

The lefi-hand side of (7) will be recognized as an ex-
pression for the chemical equilibrium: DS5,; = SS,,
+ M[N-SSy,. The right side gives the logarithm bf the
equilibritm constant as a function of M, N, and T

[1t will be convenient to combine the sum of the loga-
rithms involving the various X’s and 8’s on the right
side into a logarithm of their products, as is done be-
low.]

Provided the concentrations of complementary
bases are eguimolar, at the midpoint of the melting
transition ne concentrations of the nucleotides pres-
ent in the various polymeric species obey the relation-
ship CZDZS =S = M/N-C]%S; moreover, each of the
concentrations is equal to C, the concentration of
nuclectides present in all the nucleotide chains of
length M. Substituting 7, for T"in eq. (7) and re-
placing each of the individual-species concentrations
in that equation by C give:

0= [M — 25 — 2(M/N — 1)1} [AH, — T, ASp)
+ Tm [?.EASe —RInC+RIn (KM,GQJ,,/KMBM)KNGN]

7

The first of the right-hand terms of (7) includes the
contribution of all interior base pairs; for long, unin-
terrupted helices (M — oo, A = N), this term dominates
and T, approaches as a limiting value thc quotient
AH [ASy,. The bracketzd portion of the second of
these terms represents end effects that, except for the
weak dependence introauced through the various K’s
and 6’s, are independent of A and V. The final term
collects those effects due to the presence of single-
strand interruptions, which are dependent on the ratio

MINy~1.

3.2. Complemencary oligometric sequences, one of
which contains danwaged thymine moieties

The osmium tetroxide oxidation of oligo d(T-G)
may be presumed to have converted a fraction of the
thymine to dihydroxydihydrothymine (T*) residues
without having affected the guanine bases [8]. Because
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no chemical modification of guanine moieties has been
introduced, we assume that guanine-cytosine base
pairing will not be significantly reduced in the double-
stranded complex formed between oligo d(G-T, T%)
and oligo d(C-A) while, because of the altered geom-
etry of the oxidized thymine bases and possible elec-
tromc effects, the potential for adenine-thymine base
pairing will have been diminished in p:oportion to the
fraction of thymine bases that have been oxidized.
This fraction is equal to the probability, Prs, that a
given thymine residue has undergone oxidation during
the course of the osmium tetroxide ireatment; it is
possible to estimate Py» in an aciual experiment by
comparing a measured property of the preparation
(such as the A,54/A457g ratio) with that calculated for
the distribution of surviving sequences remaining after
the oxidation of a given fraction of the thymine bases,
distributed at random throughout the molecules of the
preparation (see Appendix).

We shall assume that the occurrence of a damaged
thymine residue within a frayed region — the E residues
at each end of the duplex or the 7 residues on either
side cf a single-strand interruption — will have no effect
on overall helix stability. The effect of damaging the
residue immediately adjacent to one of the frayed re-
gions is postulated to enlarge it by one residue; that is,
£ and [ are increased, on the average, by 1/2Pps, 1/2
being the probability that the base moiety of the adja-
cent residue is thymine. The occurrence of a damaged
thymine at any other position may be presumed to re-
sult in the formation of an internal loop in the helix,
the unbonded adenine and T* bases being flanked by
intact guanine-cytosine pairs. The enthalpy and entro-
py of the helix will be perturbed in proporiion to the
number of such loops; per loop there will occur losses
equivalent to one base pair (—AH), and —AS,) plus
further changes which we represent in terms of two
additional parameters, AH; and AS;, respectively. The
region in which the loops will form extends over a total
of M — 2(E + 1) — 2(M[N — 1) + 1) nucleotides. To
the expressions for overall free-energy change due to
helix formation, we must add an additional quantity,
AG*, such that:

AG*E* = ]/ZPTs {—AHb + T(ASb - ASe)

+(MIN — 1)[-AH, + T(AS, — AS)]}

+ 1/2Pps [M— 2(E + 1) — 2(M/N — 1)({I + 1)]
X [(AH; — AHL) — T(AS; — AS)] - ®)

The expression set off by the first set of brackets above
reflects the enlargement of the frayed regions brought
about by the base damage.

4. Results

The 25 experments listed in table 1 provide data
relating T, to the strand lengths A and V; we solve
eq. (7°) for T, and form a sum-of-squares, Sigma,
such that:

Sigma = 25 (TaBf m — ThaEm)’ -

This sum is a function of the six thermodynamic
parameters A, ASy, AS,, AS;, E, and I, and its min-
imum has been locaied by means of a computer code
which employs the Levenberg-Marquardt algorithm
[91. A fit almost equally good is found if AH,, is fixed
at any value between —6 and —12 kcal/mol base pairs
and only the other five parameters are varied; when it
was fixed at —8 kcal/mol base pairs (a value consistent
with several calorimetric determinations [10]), best-
fit values for the remaining parameters listed in table 2
were obtained. The rms deviation between experiment
and equation, in ihis case, is just under 1°, while the
maximum deviation observed is 2.2°; this appears to
be close to experimental uncertainty. (Observe, for
example, the 1.5° difference in measured Ty, under
identical conditions in the thirteenth and fourteenth
experiments, table 1). We estimate the uncertainty in
the fitied parameters by determining the variation in
each that degrades the rmns fit by a factor /2. More
precisely, we fix each parameter at a series of values
removed from the best {it, simultaneously adjusting
the other parameters in such a way as to optimize the
fit under these conditions. The quoted uncertainty in
each parameter is then taken as the difference between
its best-fit value and a fixed value giving sigma /2
times larger than the best-fit sigma. Since the param-
eters E and AS,, are almost entirely determined by the
six experiments in which A7 = N, however, their stated
uncertainties reflect the sensitivity of the fit to these
six experiments alone. As indicated in the table, the
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Table 2

Thermodynamic parameters characterizing the association equilibrium of poly d(C-A) with poly d (T-G)

Al ASy, E as, E-aS,
(kcal-mol— ') a,b) (kcal-deg ™! mol=1) D)  (base pairs) ©  (kcal-deg~' mol~'3b)  (kcal-deg™? mol—1) ©)
+1.0 +0.017
-8.0 ~0.0226 = 0.9002 EX 0.010 ~ 005 0.026 + 0.007
7 AS; I-AS;
(base pairs) 4} (kcal-deg™ ! mol™') b}  (kcal-deg™' mol—}) @)
+04 +0.006
20 55 0.01% ~ 5504 0.028 + 0.005

) Fixed parameter. ) Per mol base pairs.

products EAS, and JAS; are substantially less uncer-
tain than their separate factors.

It is clear from eq. (7") that it is the respective sums
AS, or AS; plus the logarithms of the products of the
K’s and £’s that are, in fact, determined by the fitting
process. The values listed in table 2 result when the X’s
and 8’s have been calculated taking an effective mass
per nucleotide of 5.5 X 10~22 g — the average mass of
a bare nucleotide plus one associated Na* ion.

To estimate the extent of base damage in the osmi-
vm tetroxide-treated polymer, extinctions per g-
atomic weight £ at 250 and 270 nm were calculated
for unchanged nucleotide sequences (see Appendix)
by means of egs. (9) and (10) below. Both equations
are based on the nearest-neighbor approximation [11]:

L xXx—1
e(P)aB) =% [EAB T

(epa — €4 — 63)] , (9)

—1

e(P)@wayB =3 [SAB +epp — € -x eA] . (10$)
Eq. (9) applies to sequences containing equal numbers
of the component monomers A (= d-pT-) and B

(= d-pG-), arranged in strictly alternating order. Eq.
(10) is appropriate tc those sequences containing an
odd number of surviving nucleotide residues. In both
formulas, x denotes the number of repeating dimers
present. Molar extinction coefficients employed in the
computations are listed in table 3. The measured
AysolAogg ratio of the purified product of 12 hours
of osmium tetroxide treatment was found to agree
with the ratio computed for a probability of oxidation

©) Per mol double-helix end.

d) Per mol single-strand end at interior sites.

Table 3
Ultraviolet extinctions of mononucleotides and dinucleotides

Compound Extinction coefficient (dm > mol™? cm— Yy x 103

at 250 nm at 270 nm
d-pT 5.66 9.32
d-pG 13.58 9.64
d-pTpG 19.48 2) 19.12 @
d-pGpT 18.123) 17.28 2

2) Computed from the least-squares fit of experimentally
"measured ¢ (P) values for members of the series d-(TpG)y
having known x to eq. (9).

of the thymine residues, Pps, of 0.773. Since the prod-
uct of 3 hours treatment was not as extensively purified,
its A550/427q ratio was not felt to be a sufficiently
reliable index of the extent of thymine oxidation, and
P+ for the sample was calculated instead by assuming
that the oxidation of the thymine bases follows first-
order {pseudo-unimolecular) reaction kinetics. The
mean strand length reported for the 3-hour sample is
also an estimate, calculated by assuming that the appar-
ent reduction in mean length produced by longer oxi-
dation was the result of strand breakage that follows
first-order kinetics.

Data from the three melting experiments (table 4),
when fitted to eq. (7") 2ugmented by the expression
for AG* [eq. (8)], give:

AH;=+52+*3 kcal/molloop,

AS; =+0.013£0.01 kcal/deg-mol loop.
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Table 4
Melting temperatures of double helices formed between oligo d(G-T, T*) and oligo d(C-A)
Oxidation time e N A C s T
(hours) (nucieotides) (mol-am—>) X 107 X)
0 0.000 39.8 400 4.14 3404
3 0.310 38.6 400 432 334.5
12 0.773 35.1 400 4.64 313.2

The above uncertainties are determined as before.
However, we have not attempted to estimate or allow
for any uncertainty in Prs. The two errors are highly
and positively correlated: for example, at the upper
estimate for AH;, 8.2 kcal/mol, we find AS; =0.023 +
0.001 kcal/deg-mol.

5. Discussion

The experiments reported here model three distinct
classes of damage to DNA: double-strand scission,
single-strand nicks, and base damage. Since in all in-
stances the population of duplexes that are formed
will contain a proportion of molecules in which single-
strand ends are not in perfect register, the helix ends
seemn a reasonable approximation of those formed
upon the cleavage of a preexisting double helix by an
endonuclease. They also seem to constitute a reason-
able model for the helix ends produced by radiolytic
double-strand scission, even though some portion of
the helix ends generated by radiolysis may not be in-
tact nucleotide residues. We also propose that the
single-strand interruptions present in the helices
formed from complementary strands of disparate
lengths, which wre, have for convenience termed “nicks”,
can be considered an adequate model for single-strand
breaks produced in DNA by ionizing radiation, even
though not all such breaks are confined to a single
phosphodiester bond.

At least under the conditions we have employed,
the thermodynamics of the double helix-random coil
equilibrium can be adequately represented by simply
distinguishing those contributions to the transition free
energy that are proportional to the number of base
pairs formed from those that are proportional to the
numbers of polymer molecules involved; this forms
the basis of our analysis. There are two kinds of the

second class of contribution: those owing to end ¢f-
fects and those owing to a loss of translational and ro-
tational freedom (on the part of polymer molecules as
a whole) when, upon association, two free molecules
are replaced by one. Both effects contribute to a
change in entropy of the system but, since each associ-
ation involves exactly two ends and the removal of one
free molecule, it is only the sum of the two effecis that
can be extracted from experiment. Because it seems
desirable to assess separately ihe significance of the
first of them, however, we have independently esti-
mated the translational-rotaiional component by in-
voking the invariance of the quantuin states of the
polymer (and closely associated solvent) with respect
to position and orientation in the solution volume.
The result is an entropy term, R7 In(K@ - C), where C
is the polymer concentration. Over the range of poly-
mer lengths covered here, the product K@ takes on val-
ues of the order 10—16 to 10~ 18 molar—1. We have
found the end effects in polymers of the sizes studied
to be such that an order-of-magnitude uncertainty in
the product (K8) leads to an uncertainty of less than
10% in the respective values computed for 2EAS, and
27AS;. We believe the estimates of (K@) derived from
the free-particle approximation to be accurate to well
within a single order of magnitude.

In the notation of Zimm and Bragg [12], the helix-
coil equilibrium constant is written:

K" =g . an

In their language, s represents the equilibrium constant
for adding one base pair to a preexisting double helix,
while the product fs represents the equilibrium con-
stant for the association of ihe initial base pair. Com-
paring this equation with eq. (7), under conditions

M =N and T = Ty, gives the correspondenices:

—RT,, Ins = Al — Ty AS,, , a2
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- (KM91§IS)2 ex [2E[AHb + Ty (AS — A‘S'b)]
Kopr egﬂ?’ Rl (13)
With the values for effective mass and (R2) that we
have used, the first factor in eq. (13) becomes
(Kp7057)? 1K 53,0555 = 9.2 X 108 7312 31312
molar—1; when we evaluate §§ at A= V= 20, 66, or
420, we find values of 2.4 X 103, 1.5 X 10-2  or

7.2 X 10~% molar—1, respectively. These approximate
the values reporied for both ribo- and deoxyribonu-
cleotide polymers by Breslauer et al. {13] and by
Scheffler et al. [14]. 1t must be noted that, while “as-
sociation of the first base pair™ is an attractive meta-
phor for the process characterized by 8, the value of
this quantity depends on a much more complex rela-
tionship which coliects all free-znergy differences not
proportional to the number of base pairs in the ulti-
mate helix. We shall retum to this shortly.

First, let us remark regarding the end effects on en-
thalpy. The enthalpy change driving double-helix for-
mation falls short of the value predicted by a model in
which end effects are ignored by the quantity —2EAH,
— approximately 60 kcal/mol of double-strand poly-
mer. Breslauer et al. [13] have determined both the
calorimetric enthalpy change accompanying the melt-
ing of the self~complementary oligoribonucleotide
r-A7 Uz and the Van’t Hoff enthalpy, the latter from
various ways of interpreting the melting profile. They
find little or no deficit in the calorimetric value ascrib-
able to finite polymer length, whereas the Van’t Hoff
value shows a deficit in the neighborhood of 3Q keal/
mol oligonucleotide. The calorimeter, of course,
measures the total heat required to complete the tran-
sition, whereas the Van’t"Hoff AH represents a net
energy difference between single strands and double-
stranded molecules which, at T}, , is averaged over a
population containing the two forms in many confor-
mations. In these terms, the end-effect enthalpy change
2EAH,, determined by us is clearly a Van’t Hoff en-
thalpy, manifesting the fact that, in many members of
such a popuiation, attractive forces stabilizing helical
molecules are not fully realized. The value found is
thus comparable to the enthalpy deficit found by
Breslauer et al. for the ribooligometer. We also find a
compensating entropy end-effect 2E (AS, — ASy),
amounting to some 0.22 kcal/mol-degree. It is natural
to attribute both effects to fraying at the ends of the

helix extending over a region of approximately £ base
pairs. Over this region, the loss of stabilizing enthalpy
is accompanied by an increase in conrigurational free-
dom which contributes the end-effect entropy change.

We do not propose, of course, that fraying is actual-
ly limited to some definite number of nucleotides in a
single “frayed” state but, rather, that there is a de-
crease in the degree of flexibility displayed by the
two strands as one proceeds from the end of the helix
centerward. Thus, the quantities characterizing the
ends which define 8 [eq. (13)] are related to regions
of the helix even longer than E nucleotide pairs. This
again emphasizes the complexity of effects influencing
the parameter 3.

It may be noted that the enthalpy loss associated
with a single-sirand nick, JAH (iable 2), is about half
that for a double-strand end, while the coiresponding
entropy increase, J(AS; — ASy), is, if anything, some-
what greater. 1t is tempting to see in this an indication
of greater flexibility in the double helix at nicked sites.
At both the ends and nicked sites, the single-strand
ends are stabilized by entropy increases, EAS, and
IAS;, respectively, both positive. These entropy
changes are in marked contrast to the negative change
(AS},) which obtains for base pairs located away from
an end or nick. In our formulation, all contributions
to the overall entropy change owing to translational-
rotational freedom of the polymer molecules as a
whole have been subtracted out; if the base pairs (and
associated solvent) of a double-stranded molecule had
precisely the same freedom as the bases of single
strands, the remaining net entropy change would be
zero. The meaning of the set AS,, AS;, and ASy, is thus
that, at the ends and sites of nicks, the combined flex-
ibility of both strands plus solvent {or, more precisely,
the combined measure of configurational space visited)
is greater than that of the ends of the single strands
while, in the helix interior, it is less.

In the helices containing osm m tetroxide-oxidized
thymine moieties, the change that is determined from
the shift in 7, is the overall difference in free energy
resulting from the destruction of the complementarity
of A-T base pairs. To estimate a free energy of inter-
nal-loop formation for comparison with, for example,
values reported for ribooligometers by Gralla and
Crothers [15], we have corrected this overall differ-
ence by what amounts to the average of the pairing
and stacking interactions of one A-T and of one G-C
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base pair per loop. Because only A-T pairs have been
disrupted in the oxidation experiment, however, this
procedure incorporates an approximation not present
in Gralla and Crothers’ result. Of the strctures investi-
gated by them, the case most closely comparable to
ours is that of the loop produced by two opposed
cytosines flanked by G-C pairs; if we include the un-
certainty in the stacking free energy [16] by which
they correct the overall free-energy change at 25°C,
their result becomes + 0.1 + 0.7 kcal/mol. From AH]
and AS; with their correlated uncertainties, we find a
value of 1.3 = 0.3 kcal/mol at the same temperature.
This can hardly be considered disagreement, particular-
1y since, in addition to the approximation ciied above,
other significant differences in experimental conditions
exist. The effects of the substitution of deoxyribosyl-
for ribosyl-moieties in the structures have not been
taken into account nor the differences in the ways in
which the loops arise. In our case, internal-loop forma-
tion is the result of the introduction of nonplanar base
moieties into the structure. Gralla and Crothers found
no evidence that the heat of closure for their internal
loops differed significantly from zero; our calculated
value of + 5.2 kcal/mol is within the stated margin of
error in their calculations.

We have throughout taken all of the enthalpic and
entropic parameters to be independent of temperature.
Were the true thermodynamic quantities to vary with
T as, for example, is suggested for AH,, in ribopoly-
meers in the data collected by Bloomfield et al. [3, pp-
313—314], the linear term of a variation of AH would
show up as a contribution to the corresponding AS in
our model. A higher order dependence of AHon T, or
a separate dependence of AS on 7, would manifest it-
self by a need for terms at least quadratic in 7y, in eq.
(7’). Within the precision of our experimental resnlts,
however, such modifications do not appear to be re-
quired.

Finally, we can note the relative degree of destabil-
ization of double-helical structures contributed by the
three kinds of damage. Model computations employing
the complete equation indicate that, for a fairly long
polymer with strictly alternating base-pair sequence,
for example, one with 4 = N = 400, the first double-
strand break and the first single-strand break would
produce, respectively, some 3.5 and 4.0 times as great
a depression in the T, as would damage to a single
adenine or thymine base located at some distance from

the ends. Although the effect of either kind of break
has the same order of magnitude, the single-strand
nick is slightly moyge destabilizing. This is because
there is less compensating gain in entropy accompany-
ing the loss of enthalpy when one strand is broken
than when both are, even though the overall loss in en-
thalpy and gain in entropy are both greater in the case
of the double-strand break. Our experimental measure-
ments do not include a case of damage to one of the
G- C base pairs; presumably if such damage leads to
the formation of internal loops bounded by A-T base
pairs, there would be greater reduction in helix stabil-
ity than in the case of base damage we have examined.
To correlate the damage of the various types produced
by ionizing radiation in nucleic acids with an ob-
served depression in 7, ,-the relative frequencies of
occurrence of each type must also be established with
models of known sequence. The assessment of the
strand breaks and base damage produced in x-irradiated
single-strand oligodeoxynucleotides in solution will be
the subject of a future publication [17].
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Appendix

To extend the basic thermodynamic analysis em-
bodied in egs. (1), (7), or (7°) to double-strand poly-
nucleotides in which a fraction of the bases have sus-
tained damage, it is necessary to know the average
numbers of damaged nucleotide sequences correspond-
ing to given levels of total base damage. We determine
probable values for such sequences as follows.

Consider first a polymer whose molecules, on the
average, contain NV monomer units, each of which has
an independent probability, Pgs, of having been hit
and damaged during the course of an experiment and
a corresponding probability, (1 — Pg=), of having es-
caped. The number of damaged base moieties averaged
over the total populaiion of polymer molecules will
then be Q1 = Pps V. However, in individual mole-
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cules, the damaged bases will be distributed in many
arrangements of singly occurring, paired, triple, ... n-
tuple sequences.

A sequence of » damaged units separated from the
ends of the molecule by an undamaged sequence,
termed a damaged interior n-tuple sequence, is to be
distinguished from one of equal length located at an
end (damaged end n-tuple). In the chain of V units,
there are N — n — 1 positions or sites that can be occu-
pied by the interior n-tuple sequence. For a damaged
end n-tuple sequence, there are but two possible sites
per chain when 7 <AV and only one if n = V.

The chains which contain a damaged r-tuple se-
quence at a particular site include, outside the site jt-
self, all possible arrangements of hiis and escapes. For
each class of damaged sequence, there is a unique
probability (1 — PB*)2 (Pg+)" for an interior n-tuple;
(1 — Pg+)(Pp+)" for an end n-tuple when 1 < V: and
(Pg+)Y whenn=N.

The classes of molecules having a damaged n-tuple
sequence at a particular site divide the set of all mole-
cules into mutually exclusive subsets, and this simpli-
fies the calculation of the average numbers of each
kind of damaged sequence. The average numbers arc
the products of the probability for the occurrence of
a given class and the numbers of sites available to mem-
bers of that class [eqgs. (A.1) through (A.3)]:

inieror = (1 _ Ppa)2(Pgs)?(V —n — 1) (A.D)
Q,tzand, n<h _ Q ~ Pg+)(P+)" (2) (A.2)
Snd, n=N _ (PB*)N . (A.3)

For bases which have escaped damage, average num-
bers of the various types of 72-tuple sequence are ob-
tained by exchanging the quantities Pg+ and (1 — Pgs)
in the above three formulas.

The results embodied in egs. (A.1), (A.2), and (A.3)
are easily extended to the case where the oligonucleo-
tide targets contain pyrimidine and purine base com-
ponents in strictly alternating sequence. We now take
into comnsideration two independent probabilities for
dzmage, Ppy+ and Pp,», applying to the pyrimidine
and purine base components of the target, respectively.
One must also distinguish between n-tuple sequences
with respect to the type of base (pyrimidine or purine)
present at the 5"-position and as to whether n represents
an even or an odd number of nucleotide units. As has

been indicated previously, we feel justified in assuming
that in essentially all molecules of both the d(T-G)N/z
and d(C-A)y; preparations there were initially at the
5’-ends a pyrimidine nucleotide and at the 3'-ends a
purine nucleotide residue. [Thus, all molecules initial-
1y contained even numbers of nucleotides.] Under
these circumstances, the average numbers of damaged
sequeices, arranged by class, are:

(a) 7 is odd; a pyrimidine nucleotide is at the 5"-end

Q:;nteﬁor =% W—n-1)
X (Ppy*)(”+1)/2 (PPu*)(" -1/2 a- PPu*)2 ., (A4

O = (Ppy )T DR (Pp ) =12 (1 — Ppua). (A5)
(b) n is odd; a purine nucleotide is at the 5’ =nd

Q'iznterior =l(N-n-1)

X (Ppy ) =D (P, HOHD2(1 — Pp)?,  (A6)

and = (Ppy*)(" -2 (Ppu*)("“’l)/z a '_PPy*) . (A
(c) n is even; a pyrimidine nucleotide is at the 5"-end

i i 1
Q'lzntenor =31 (]\7— 2w — 2)

X (Ppy=)12 (Ppys)12 (1 — Ppys)(1 — Ppys). (A.8)

and,n<N = (Ppy*)"/z (pPu*)n/?. [(1— PPy*) +(1 — PPu*)] )

(A9)
(@) n is even; a purine nucleotide is at the 5"-end

Q’ilnten'or = % W~-n

(A.10)
x(ppy*)n/.’.(ppu*)nl?_(l — Ppya)(1 - Ppye),
od=o0. (A.11)
(@n=N
O = Poy= )™ Ppy=)™P . (A.12)

Formulas for calculating average numbers of undam-
aged sequences of each type are again obtained by ex-
changing the respective qualities (1 — Ppy+) or
(1 — Pp,») with Pp.x or Pp,+ and vice versa in egs.
(A.4) through (A.12).

For the model experiment involving partial chemi-
cal oxidation of the thymine residues of oligo d(T-G),
enumeration of the surviving sequences makes possible
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the deduction of Py, the probability that thymine was
oxidized. In this special case, Pgs (= Pp,ys) = 0; the
eguations, modified to predict numbers of surviving
sequences, indicate nonzero numbers for only four
types. In addition to molecules in which no thymine
has been oxidized, there are interior sequences having
an odd number of nucleotides and a 5'-terminal deoxy-
guanylate residue, sequences shorter than the original
molecules coinciding with the original 3"-ends (which
also have an odd number of nucleotides and 5’-tenminal
deoxyguanylate), and sequences shorter than the orig-
inal strands which overlap the 5’-terminal thymidylate
residue and have even numbers of nucleotides. The
formulas giving numbers of each type of surviving se-
quence are:

’izmexior = % W-n-DNQ __PT*)(n—l)IZ(PT:).’Z s

' (A.13)
Q?, -end _ la- PT*)(n ~1/2 &), (A.18)
Qg'-end.n<N =(1 — Pps)"2, (A.15).
Q’771=1V =Q —PT#)NIZ B (A.16)
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