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ABSTRACT  The dependence of DNA absorbance %for light
at about 260 nm) on temperature is related to a specific DNA
sequence structure in the vicinity of DNA thermal denaturation
(the so-called DNA melting or coiling). A straightforward anal-
ysis of the experimental DNA melting curve allows us to deter-
mine the lengths, the A+T content, and the location in DNA of
certain domains. In the case of a specific DNA fragmentation,
the order of fragments in DNA can gg learned from this analysis,
nondestructively and quickly, without fractionating the frag-
ments and other methods of fragmentation. If the DNA nucle-
otide sequence is known except for some sites and uncertain
portions, the analysis determines these sites and the accuracy
of the sequence at the portions. This information may comple-
ment exact methods of DNA sequencing. The proposed analysis
is applied to bacteriophages?»leN, whose melting curve is
known. The results are compared to and found to be in an ex-
cellent agreement with the known ¢X174 nucleotide se-
quence.

In recent years, powerful methods (1-3) of DNA sequencing
have been developed. These methods provided, in particular,
the complete sequencing of MS-2 (4-6), $X174 (7), simian virus
40 (8, 9), and bacteriophage FD. The procedure of the se-
quencing included specific fragmentations, then fractionation,
and finally sequencing of each of the fragments. To determine
the order of fragments in DNA, several different methods of
fragmentation were used. Typically, after the sequencing was
finished, the sequence at some portions remained less certain
and some base pairs were undetermined.

This paper proposes a method that allows one (1) to learn the
order of fragments in DNA from just one method of specific
fragmentation without the fractionation of fragments; (i) to
determine the lengths, composition, and order of certain seg-
ments in a nonfragmented DNA; (i#f) to verify the accuracy of
the sequencing of uncertain portions; and (iv) to determine
unknown base pairs. Of course, this information cannot com-
pete with detailed sequence determination, but it may be im-
portant as a complementary source of information. The method
is nondestructive, quick, and cheap. It is based on the mea-
surement of the absorbance (or heat capacity) of DNA (or
double-stranded RNA) at various temperatures in the vicinity
of DNA thermal denaturation (which is usually denoted as
DNA coiling or melting) and is related to the unbounding of
base pairs and the separation of DNA strands. Because the light
absorption in the region of 260 nm is less for bounded pairs than
for unbounded (“helix”) ones, an experiment directly deter-
mines (10-12) the number of unbounded (“melted”) pairs (N,).
Herein it is shown qualitatively how N.(T) provides the
above-mentioned information about DNA sequence structure.
Then I present the quantitative approach to the problem,
compare it to other approaches to the analysis of N;(T), apply
it to the bacteriophage X174 DNA (¢XD), whose melting
curve is known (13, 14), and compare the obtained results to the
¢XD nucleotide sequence (7).

MAIN IDEA OF METHOD

The rigorous theory of DNA melting was published in 1973 (15)
(see also refs. 16-21). The main statements of ref. 15 are as
follows. DNA melting is local rather than continuous. It occurs
step by step, domain after domain (Fig. 1). Each domain and
its location in DNA is precisely determined for a given sequence
by specific and rather tricky algorithm (15). The domain melts
in a narrow temperature region (i.e., almost at a certain
“melting” temperature). This discrete melting implies corre-
sponding quasi jumps of N, as a function of temperature (T).
Quasi jumps imply narrow peaks in the differential melting
curve (DMC) dN,/dT (Fig. 2). Obviously, the height of each
quasi jump, and therefore the area of each peak, approximately
equals £,,,(€, is the “length” of the mth melting domain—i.e.,
the number of base pairs in it).

The described fine oscillatory structure of the DMC dN,/dT
was observed in numerous experiments (13, 14, 22-30) (e.g.,
see Fig. 3). All experiments demonstrate very narrow peaks
(their half-width is typically about 0.5 K or 0.2% of the absolute
temperature), thus experimentally verifying the discrete
melting. The peaks are well reproduced in different experi-
ments, thus verifying that the same domain melts at the same
melting temperature—i.e., that the domains are specific rather
than occasional.

The peaks at the differential melting curve are narrow but
numerous. Therefore, they may overlap—i.e., a single experi-
mentally observed peak may be related to the melting of several
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FI1G. 1. Successive local melting of DNA (T < T; < T < T3
<T4<Ts5<...). The melting of domains A and B takes place in an
unmelted helix environment. Each melting creates two phase
boundaries (n = 2) between melted and helical regions. Domain C
appears between two already melted domains and thus annihilates
two phase boundaries (n = —2). The melting of domain D just dis-
places the phase boundary and does not change the number of phase
boundaries (n = 0). The melting of the border segment E annihilates
one phase boundary (n = —1). Vice versa, if n = 2 is experimentally
observed, then it refers to a domain melting in a helical environment;
n = —2indicates a domain melting between already melted domains;
n = O refers to a domain adjacent to a melted domain on one side and
to a helical domain on the other side; n = —1 refers to a domain ad-

jacent to a melted domain on one side and on a DNA border on the
other side.
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Abbreviations: DMC, differential melting curve; ¢XD, bacteriophage
¢X174 DNA; N, number of melted pairs; T, melting temperature
in kelvins; £,,, length of mth melting domain; n,,, number of phase
boundaries that appear due to melting.
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N, or dN_/dT

T

FI1G. 2. N, (solid line) and its derivative dN./dT (dashed line)
versus temperature 7. The height of each quasi jump and the area of
the corresponding peak approximately equal the length (£,,) of the
melting domain.

domains (from different regions of DNA), with close melting
temperatures. For the sake of vividness, in this, (and only in this)
section I consider nonoverlapping domain peaks.

According to ref. 15, the melting temperature (Ty,) of the
mth melting domain depends on £,,, A+T content (x,,), and
number (n,,) of the phase boundaries [between melted and
unmelted (“helix”) states] which appear due to the domain
melting (Fig. 1):

Tm=To—xm7 + Totm/lm. (1]

(Later on, when it does not lead to any ambiguity, I omit the
subscript m.)

The first two terms in Eq. 1 coincide with the Marmur-Doty
formula (10-12), Tag = To — 7 and T, being the homopoly-
(A,T) (xm = 1in Eq. 1) and homopoly(G,C) (x,, = 0in Eq. 1)
Toms, respectively. The last term represents the contribution of
phase boundaries to the local coiling, To, 7, and T}, depend on
the solvent. They can be determined (31, 32) from the melting
curves (in the same solvent) of a polymer of the known com-
position. * If some characteristic of the solvent (e.g., its pH or
its ion concentration, etc.) is slightly changed, then, by ref. 15,
the melting domains and therefore their £, x, and n remain
unchanged and Ty, 7, and T}, change slightly. This implies the
shift in the T,,s. For instance, when T}, increases, peaks with
n = 1,2 increase their T,,s and move “to the right”; peaks with
n = —1,—2 move to the left; peaks with n = 0 are not displaced.
Because £ in Eq. 1 equals the area of the corresponding peak
and thus can be considered known, the displacement of a peak
allows us, by Eq. 1, to determine its n according to the equa-
tion

8[(T = To)/ 7] = (n/£)d[Ts/ 7). (2]

Here, 6 denotes the change of the quantities in square brackets.
Because n may equal only 0, 1, or +2, even a low accuracy
in Eq. 2 determines the precise n. With known n,, and £,,,, Eq.
1 determines x5 _

As we shall see in the next paragraph, the accuracy of the x
thus determined may be high enough to provide the exact A+T
and G+C contents of the domain. Then, if some base pairs at

* It may be, for instance, a periodic polymer with a period of £ A-T
pairs followed by £’ G-C pairs. If £ and £’ are large enough, then, by
Eq. 1 the peaks will be related to the successive melting of £ border
A-T pairs (n = 1, x = 1); £ inside A-T pairs (n = 2, x = 1); £ inside
G-C-pairs (n = =2, x = 0); and £’ border G-C pairs (n = —1,x =0).
Thée positions of the peaks allow us to determine, from Eq. 1, T, 7,
and T}.
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the domain are unknown in the DNA sequence, they can be
determined. Also, the accuracy of the DNA sequence may be
checked. Consequent ns determine the location of melting
domains in DNA. This can be demonstrated with a simple ex-
ample. Suppose the successive ns are 2,2,—2,0,—1, . . .. Then,
n = —2 indicates that the third melting domain (C) is situated
between the first (A) and the second (B) ones (Fig. 1). (The
domain sequences ACB and BCA are identical because they
coincide after the 180° DNA turn.) Now, n = 0 refers to the
domain (D) that may be adjacent to A or to B (in both cases its
melting just displaces the boundary). A change in the solvent
clarifies the situation. Suppose it increases T. Then, by Eq. 1,
T s of domains A and B (with n = 2) increase, those of C (with
n = —2) and E (with n = —1) decrease (the decrease in C is
larger than that in E), and the T, of D (with n = 0) remains
unchanged. Suppose the T}, increase is large enough to imply
the melting domain sequence A-C-D-B-E with ns 2,0,0,0,—1
(the sequence of domains is determined according to their £,
and x,,,). Because now D hasn = 0, it is adjacent to the melted
A (it cannot be adjacent to C because C was determined to be
adjacent to A and B). So the domain sequence is DACB. Now,
n = —1 indicates the border domain (because it had only one
phase boundary), which may be adjacent to D or B. Its location
is determined by another change in T}. If this change leads to
the successive melting A-C-D-E-B with n = 2,0,0,1,—2, re-
spectively, then B is situated between C and E (otherwise B
would not change its n), and the sequence is DACBE. I will not
discuss all possible cases of domain situation in DNA, but each
time this situation is easily decoded. Different sequences of
melting domains (related to different solvents) play the role of
different fragmentations with respect to the determination of
the domain order.

Another approach, somewhat less accurate but simpler, to
the determination of the domain sequence is related to melting
curves, which are slightly nonequilibrium (due to superheating
or supercooling of certain domains). Of course, equilibrium
would be achieved if one waited long enough. In the case of
superheating, for example, at a temperature higher than the
equilibrium domain T,,, a somewhat larger (than the equi-
librium) domain may melt, thus shifting the boundary between
adjacent domains. Eq. 1 is applicable to these domains with
shifted boundaries. As one of the domains increases and another
domain correspondingly decreases, we can determine the ad-
jacent domains from slightly different nonequilibrium DMC.
(This situation will be demonstrated in the example of ¢XD in
the next section.)

All of this suggested analysis is nondestructive, if the DNA
heating is stopped before the complete separation of strands.
Suppose a specific fragmentation occurs—e.g., inside domain
Cin Fig. 1. This fragmentation affects only the former domain
C, dividing it into two border domains. Their lengths and
compositions are different from those of each other and from
those of C. The melting of each of them may annihilate (or
create) only one phase boundary (melting of C annihilated two
phase boundaries). So, the melting of the parts of C occurs at
“their” own T,,s. Thus, one peak at the DMC dN,/dT after
DNA fragmentation splits into two peaks at the DMC of two
separated (but nonfractionated) fragments. This splitting is
clearly seen in the ¢XD curve and the summary curve of its
fragments, Y, and Y5 in Fig. 3. The new peaks, whose summed
area equals the area (i.e., the length) of the split peak, determine
the fragmentized domain, its parts, and therefore the order of
fragments in DNA. If, knowing the order of these fragments,
we perform another fragmentation, we may determine the
order of the new fragments. By performing successive frag-
mentations and each time determining the order of the resultant
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FiG. 3. Ezxperimental DMCs in 15 mM NaCl/1.5 mM Na citrate
solution of $XD (14) (solid line) and of the summary DMC (dashed
line) of its fragments (13) Y; and Y3, which form together the main
part of $XD. The numerically computed (according to Eq. 3 with
spectral data 8, T, and £, from Table 1) curves coincided with ex-
perimental ones within the accuracy of the experiment. The dotted
line represents the same computation for $XD but with changed T',s
changed according to the 20% decrease in T, from Eq. 1. T, (which
is not even accounted for in the commonly used Marmur-Doty for-
mula) bears the main responsibility for the change in the shape of the
DMC due to the change in the solvent.

fragments, we finally determine the order of all fragments
without fractionating them. Also, we do not destroy them if we
stop DNA heating before a complete separation of strands.

QUANTITATIVE APPROACH AND ITS
APPLICATION TO ¢XD

The quantitative formula for dN./dT, based on the accurate
evaluation of the partition function (and, of course, accounting
for excitations), is (19, 21):

dN, _ BEm?® (3]
dT T 2cosh? [B€m(T — Tl

Here, £,,is the length of the mth melting domain and Ty, is its
melting temperature, determined by Eq. 1. This formula
(containing only one adjustable parameter, 8, which can be
determined by applying Eq. 3 to the melting of a polymer of
a known structure—e.g., a periodic one) represents the explicit
analytical description of the natural DNA melting. It coincides
with the experiments (13, 14) within their accuracy (see

below).
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Decomposition of the experimental dN./dT into sum 3 al-
lows us to determine accurate values of £, and T, even if
domain peaks overlap, and to analyze these data.t

Eq. 3 is convenient for the spectral analysis. The maximal
height of any peaks (dN,/dT)max obviously exceeds 3€2may,
where £, is the maximal length among the lengths of domains
essentiall)' contributing to the peak. Thus, £max < [8~(dN./
dT)max]!/2. The minimal number of contributing domains is
£/ £1max, £ being the total area of the peak (i.e., the total length
of these domains). The half-width of each domain peak ap-
proximately equals 1/(3€,,) and becomes larger as £, becomes
smaller. So the half-width of the experimental peaks gives the
estimate for the minimal length of the contributing domains.
Experimental T,,s contributing to one peak are obviously
within the width of the peak (i.e., relatively very close to each
other). So the spectral analysis of Eq. 3 is easy and simple. I shall
demonstrate it with ¢XD as the example. The DMCs in 15 mM
NaCl/1.5 mM Na citrate solution of the entire DNA and its two
fragments Y, and Y were obtained by two different groups in
Tokyo (13) and Moscow (14) (see Fig. 3; DMCs for separate
fragments are not presented). Unfortunately, the experiments
are not as accurate as I should like them to be and are slightly
nonequilibrium (DMCs in two consecutive experiments differ
somewhat). The authors of ref. 14 suggested contamination of
DNA. The fragments in ref. 13 did not form an entire DNA.
Only one solvent was used. Thus, the experiments are not too
favorable for our purpose.

The parameters T and 7 were determined for the solvent
15 mM NaCl/1.5 mM Na citrate in another set of experiments
(32) and were found to be T = 94.9°C, 7 = 42.4°C. Yet, the
results of the spectral analysis are quite demonstrative. Just two
adjustable parameters (3 = 0.0106 degree™! and T}, = 100°C)
are used for three DMCs (of ¢XD and two fragments). I obtain
50 parameters (£, and x,,,) of 25 domains, which are in a sur-
prisingly good agreement* (Table 1) with the corresponding
values for the known (6) $XD nucleotide sequence. I replaced
all unknown sites in DNA by A-T pairs. So, if the parameters
Toand 7 from ref. 32 and the parameter T}, are accurate, the
coincidence between “our” results and the ¢XD data may in-
dicate that: (i) three unknown base pairs at 1Y are A-T pairs,
and elsewhere the 1Y; sequence is precise; (i4) the unknown pair
at 3Y; is G-C; (##) G+C content is underestimated at 4Y5, 4Y),
5Y,, 6Y), and 7Y; and is overestimated at 1Y,. In general, the
discrepancy between our data and those for the $XD sequence
is about 1% where the sequence is precise and increases to 5-6%
in two of the four cases in which the sequence is just as inac-
curate.

Three sets of (£, Trm) of $XD DMC are not included in
Table 1 because they do not correspond to any domains in DNA
and are related to the contamination indicated (but not spe-
cifically identified) in ref. 14. These sets are (348, 70.58°C),
(344, 74.35°C), and (338, 74.64°C).

t The first proposal to apply the DNA melting curve to its sequencing
was made in ref. 15. The Marmur-Doty formula has been applied
to the analysis of the DMC (e.g., in refs. 13, 22-29) but none of the
authors accounted for the important contribution (described by the
last term in Eq. 1) to T, of the phase boundaries and did not know
the formula (8) for dN./dT which allows us to perform the spectral
analysis. The spectral analysis is important because usually a single
experimentally observed peak consists of several overlapping peaks
from domains in quite different parts of the DNA.

# This agreement is related to a relatively small contribution to Egs.
1 and 3 of other factors such as effects on T, of a more detailed base
sequence and of loop entropy (in particular, the influence of the
adjoining loop regions on the Ty, of a helical section). These effects
are easily taken into account in our approach (15, 19, 21), but for
natural DNA their contribution is less than the existing experimental
accuracy. This is verified also by the agreement of Eq. 3 with ex-
periments (13, 14).
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Table 1. Spectral analysis of $XD and its fragments
b CE lm E Xm xE Xm xE Tm Tm 1st site*  1st site*
(D) (D) (F) (F) (D) (D) (F) (F) 0xm (D) (F) (D) (F) Fragment
291 289 287 289 0.599 0.599 0.599 0.599 +0.1 70.2 70.2 1180¢ 1180 1Y,t
530 530 453 433 0.575 0.575 0.579 0.575 0 70.9 70.56 23614 2361 2Y,!
256 220 215 220 0.577 0.591 0.574 0.591 +0.005 71.2 71.5 39322 3932 4Y,$
483 475 468 457 0.565 0.571 0.559 0.558 +0.002 71.36 71.2 49772 4977 3yY,!
380 369 354 348 0.553 0.557 0.553 0.557 +0.003 71.44 71.44 1469¢ 1469 3Y,!
—0.006
607 615 641 671 0.550 0.554 0.570 0.566 +0.002 71.6 70.87 77 59 2Y,
486 523 520 544 0.536 0.545 0.536 0.544 +0.008 71.8 71.8 1838¢ 1817 4Y,!
411 412 233 239 0.550 0.546 0.585 0.582 +0.01 72.06 70.5 3187¢ 3360 1Yt
-0.1
340 333 333 333 0.526 0.571 0.526 0.571 +0.01 72.06 72.0 3599¢ 3599 5Y;t
-0.05
516 490 481 490 0.528 0.559 0.530 0.559 +0.015 72.56 72.44 41522 4152 6Y,!
465 488 Extra fragment 0.505 0.502 Extra fragment 0 73.02 692
368 335 3714 335 0.493 0.501 0.493 0.501 +0.003 73.49 73.5 46422 4642 7Y,
3748 296 Extrafragment 0.485 0.527 Extra fragment +0.02 73.8 2891¢
—-0.05

Domain length (£,,), melting temperature (T,) and A+T content (x,,) according to spectral analysis; (D), for $XD and (F) for fragments
indicated in the last column [e.g., 3Y} is the third-melting domain of the fragment Y; (position 3360-5375-729); 2Y is the second-melting domain
of the fragment Y3 (position 1104-2793)]. Superscript E indicates the corresponding domains in the $XD sequence (6); their position in $XD
(according to ref. 15) is determined by their first sites and their lengths. The uncertainty (6) in XD sequence provides the inaccuracy 6x, in
xm (which is the same for DNA and its fragments). The first-melting domains create the first phase boundaries, so in Eq. 1 n = 1 for border domains
1Y,/and|2Y;|and|n = 2 for|inner domain Y. The last-melting inner domains annihilate the last phase boundaries, so n = —2 for 7Y; and 4Yo.
The domain 3Y, adjacent to the already melted 2Y;, has n = 0. Other ns are determined for ¢XD and its fragments according to ref. 15. Finally,
subsequently melting domains have the following ns: 1, 1,0, 2, =2, 0, and —2 for Y;; 2, 1,0, and —2 for Y5; 2,2, 2, 2,0, 0, -2, 2, -2,0, =2, =2, and
—2 for ¢XD.

* a, b, ¢, d, and e denote domains that approximately form genes A, B, F, G, and H (the positions of the genes are 3972-5375-133; 5064—-5375—48;

1001-2275; 2362-2891; 2923-3906).
t Uncertain DNA sequence (6).
! Fragment boundary.
§ Contaminated domain.
I Domain boundary shift.

The domains 2Y,, 2Y;, and 1Y;, whose T,;s and lengths es-
sentially differ for the fragment and for XD, are border ones.
(One of the Yy border domains is lost; it is very short—just 74
base pairs—and very refractory. It melts at ~77.5°C, where
experimental errors are of order of its own size.) A slight dis-
crepancy between (&,,, Tp,) for a fragment and for ¢XD is
related to a slight nonequilibrium shift of domain boundaries,
which exposes the adjacency of the corresponding domains (2Y,
and 3Y); 3Y, and 4Y5). An exception is 4Y,, which is probably
contaminated.

It is remarkable that all three DMCs calculated according
to Eq. 3 with the data for (£, Tr,) from Table 1 coincide with
tht experimental ones within the experimental accuracy. This
is related to the high sensitivity of Eq. 3 to any change in the
parameters. Such a sensitivity arises, in particular, from the
different shift of peaks due to a shift in T}. This different shift
explains also changes in DMC related to small changes in pH
or ion concentration of the solvents (33). Fig. 3 demonstrates
the change in the DMC of ¢XD due to a 20% change in T}.

An essential change in T}, changes, according to ref. 15, the
very melting domains. By Eq. 1, the less £, is, the more sen-
sitive the Ty, is to T}. So, small domains may melt much earlier
or much later than the rest of DNA.

The sensitivity of the DMC to the exact sequence and to the
solvent makes each DMC very specific. Therefore, it can be
used as an excellent “identification card” for DNA and, if the
DNA sequence is known, for its contamination. It may be ac-
curate enough even to identify a mutation or “cancer”
DNA.

For an arbitrary wavelen§th the liéht absorption is a linear
function of the numbers N, and N,® of A-T and G-C melted
pairs, respectively. The equations for dN,V)/dT and dN,®/dT

differ from Eq. 3 only by factors x,, and (1 — x,,) in each term
in the sum. Therefore, if one uses different wavelengths (21,
34, 35), one can determine £,,, X, Ny, from experiments for
one solvent. The described approach is readily applicable to
DNA interacting in the solvent with proteins, drugs, etc. (as well
as to metalated DNA), thus increasing the information obtained
and, in particular, allowing the determination of the location
of the corresponding interactions with the DNA.
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