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ABSTRACT

Tj and AHj for stacking of pair i upon jin DNA have
been obtained over the range 0.034-0.114 M Na * from
high-resolution melting curves of well-behaved
synthetic tandemly repeating inserts in recombinant
pN/MCS plasmids. Results are consistent with
neighbor-pair thermodynamic additivity, where the
stability constant, s;;, for different domains of length N
depend quantitativelly on the product of stability
constants for each individual pair in domains, Sjj N Unit
transition enthalpies with average errors less than
+5%, were determined by analysis of two-state
equilibria associated with the melting of internal
domains and verified from variations of Tjj with [Na *].
Enthalpies increase with  Tj, in close agreement with
the empirical function:  AHj; = 52.78- T — 9489, and in
parallel with a smallerincrease in ~ AS;. AHj and AS;; are
in good agreement with the results of an extensive
compilation of published AH,, and AS,, for synthetic
and natural DNAs. Neighbor-pair additivity was also
observed for (dA -dT)-tracts at melting temperatures;
no evidence could be detected of the familiar and
unusual structural features that characterize tracts at
lower temperatures. The energetic effects of loops
were determined from the melting behavior of repeating
inserts installed between (G+C)-rich barrier domains in

the pN/MCS plasmids. A unique set of values for the
cooperativity, loop exponent and stiffness parameters
were found applicable to internal domains of all sizes
and sequences. Statistical mechanical curves calculated
with values of T ([Na*]), AHj; and these loop parameters
are in good agreement with observation.

INTRODUCTION

Differences in energy between stackedd@nd A T base pairs
in polymeric DNAs lead to complex melting profikdg that can
be observed with high precision by optical meth(j8). The

many sub-transitions in such profiles represent linked temperat

however, as has been the reconciliatioAldf from oligomeric
specimens in high counter-ion concentrati@hs’) to ethalpies
from polymeric specimens (8—13), indicating a constantiticans
entropy (8,12,13). Calorimetric enthalpies have been considerably
lower in accuracy tha; (14-19), so that errors in non-calori-
metric AH;; determined fronlj, whereAH; = Tj; - AS appear
small. The magnitudes and ordef; determined in this way
differ from calorimetric values, although they lead to better
agreement between experimental and calculated curves over the
range 50-100C (17).

Recent results obtained by Chenhal. on an oligomeric
specimen with four equi-spaced (dd¥)-tracts, further complicates
the evaluation of thermodynamic quantit{@®,21). They find
global melting of their specimen to be preceded by a modest
two-state transition below 3T, accompanied by an enthalpic
change. These results were interpreted as reflecting a pre-melting
structural transition of the (dAlT)-tracts, from a low-temperature
conformational state with bifurcated three-centered hydrogetsh
to a standard B-form at higher temperatures.

This raises questions about (i) the constant entropy assumption;
(i) the applicability of oligomeridAH; to polymeric systems;
(iii) the nearest neighbor model; (iv) the precise states of melting;
(v) experimental errors and (vi) the different ionic strength
conditions used in the evaluation of thermodynamic quantities.
The goal of these studies was to respond to some of these
guestions, revisiting the question of DNA stability, with improved
values forTj andAHj from helix=coil transition equilibria,
including an examination of the dependence Tak on
(dA-dT)-tract lengths. Accuracies of our earligf would
undoubtedly have been higher with specimens of greater bias in
neighbor frequencies, providing a more sensitive test of
thermodynamic additivity. Neighbor-pair stabilities have been
measured in this study with model synthetic domains in
polymeric specimens, synthesized with biased neighbor pair
frequencies and installed in a modified pBR322 plasmid for
cloning purposes. The focus has been limited to the dissociation
of helix ends and internal domains, since these two classes of
structural transition involve the parameter most associated with
fl five classes that occur during melti¢g).

standards that provide a high degree of precision for the
evaluation of thermodynamic quantities associated with thMATERIALS AND METHODS

stability of DNA. We have been involved in carrying outy
recursive statistical mechanical evaluations of thermodynamic

NA specimens

quantities, primarilyTj and AHj, for hydrogen bonding and The principal specimens used in these studies were plasmid
stacking of the 10 neighbor paiirgn model polymeric sequences. DNAs constructed in this laboratory as previously desc(ibed
Accurate calorimetricAHj have been a special challenge,by established procedurg®4). These plasmidsontain a
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using T4 DNA ligase to generate tandemly repeating duplexes of
(original pBR322 sequence): ¢ 5' 100-1000 bp. These duplexes were size fractionated on low-
T melting agarose, and fragments >200 bp removed from the gel
and made blunt with Klenow enzyme. The resulting DNA was
ligated into pN/MCS at th8ma locus of the MCS. In preparation
for insertion of the repetitive elements, pN/MCS plasmid was
restricted at the uniquma site and digested with bacterial
~—Sacl alkaline phosphatase to remove the termihphBsphate groups

MCS sequence:
EcoRV to prevent vector recircularization during the ligation step. The
8 phosphatase was inactivated by the addition of SDS, followed by
C—Kpnl phenol extraction. Plasmid DNA was then precipitated and
¢ «—smal —{Insert] ligated to the repetitive DNA at an insert:vector mole ratio of
§<—BamHI >10:1 using T4 DNA ligase. _ o
Circular recombinant plasmids were introduced kgoherichia

coli HB101 or SURE!I cells, and transformed cells were selected
~—Xbal on agar containing ampicillin. Cells containing plasmid were
grown in 1 | of ampicillin-selective LB broth, and amplified by
the addition of chloramphenicol. Cells were lysed in alkaline
SDS, and the plasmid precipitated from the lysate in isopropanol.
Residual contaminates in crude plasmid DNA lead to non-linear
baselines in the high resolution melting curves, and could not be
removed by any of the convenient filtration procedures that are
~—Ps1l commercially available. Two successive CsCl gradients were

required to achieve a suitable state of purity. The repetitive inserts

were checked by double-stranded sequencing over the insert
~—Sphl region by the dideoxy chain-termination metli@8), as well as
~Hindlll by electrophoretic mobility.
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Equilibrium melting curves
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High resolution derivative melting curves were obtained by the
difference-approximation metho®6,27), with a rmdified
Figure 1. Sequence map of the pN/MCS plasmids used in this study. A 54 bpd_O_Ub|e'beam rat|0'record|ng SpeCtmphOtomete_r (C_ar)/)- The
multiple cloning sequence (MCS) containing recognition sequences for 10finite difference method involves the approximation of a

restriction enzymes, was installed at the uniju locus of pBR322, between derivativedA;\(nm)/dT by its differentiaIAAA(nm)/A'I', with analytical
two (G+C)-rich domains denoted by the heavy lines. Tandemly repetitive

sequences described in Table 1a and b were then inserte®atadtecus of recon.StrUCtlon of the true derivative achieved as' prewously

the MCS. described (26). Temperatures were ramped @ft§ which has
been shown to provide equilibrium melting of most domains.
Slower rates lead to a significant increase in thermal degradation,
particularly of single-stranded coil regio{Z8). For this reason,

" o ) - specimens were never re-melted; instead, replicate experiments
repetitive sequence at a site in the plasmid exhibiting favorablgae always carried out on fresh aliquots of the same or new

energetic characteristics. As shown in Figure 1, the preparationgfnarations. The distribution of (G+C) compositions and sizes of
the pN/MCS plasmids first involved the installation at the uniqugomains responsible for sub-transitions were obtained by spectral
Nrul locus (972) of pBR322 of a 54 bp multiple cloning sequencgecomposition of melting curves obtained at 260, 270 and 282
(MCS) with recognition sites for 10 restriction enzymesnm where the ratios of derivative extinction coefficients fot A
Following this, the repetitive sequences described in Table laagdy g ¢ pairsdea . /deg ., are 4.31, 1.00 and 0.120, respectively

b were inserted at the unig8end locus of the MCS. This locus (7).

is immediately adjacent to a unigipnl recognition sequence in * Approximately 1ug of commercial poly(dAdT) (Sigma) of
the MCS, and 803 bp away from BodRV sequence, both sites mean length >20 000 bp was added to all specimens before
used to linearize the plasmid in preparation for meltingmelting, to serve as secondary standard of solvent conditions. The

Numerous model plasmids containing unique or oligomerigomplete melting of this synthetic DNA takes place within
repeating sequences such as the homologous series: [AAGTIp 07, with melting temperatures given by the relationship:
GAAC(A)MTINAAGTTG, where 6= M = 0 and 57= N = 16,

were prepared in similar fashion. Repeat lengths are short to
ensure biased frequencies of neighbor pairs, but long enough to
discourage mismatched alignments at equilibrium temperatures
during melting. Solvent
In the preparation of oligomer repeats, the residuds-ludse
oligonucleotides were first paired with the residues of compleFhe solvent consisted of the specified {Na the form of NaCl,
mentary overlaps of\[2)-base oligonucleotides, and then ligatedplus 0.005 M Na-cacodylate and 0.2 mM Na-EDTA (pH 6.85).

TooMdAdD = 19,07 log[Na*] + 86.87C 1
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van't Hoff enthalpies 0.16

Enthalpies associated with conformational changes in DNA were
determined by non-linear regression analysis of first derivative 12} ...
van't Hoff transition equilibria(23) over the etire transition
regions of isolated curves for insert sequences, as previously, ‘ :
described. The advantage of this method is its high degree OE oos |- ‘
sensitivity, where excellent results can be obtained onpgs0 £
DNA. The disadvantage is that accurate knowledge of the state$ ‘
of equilibria are determined indirectly, which can be problematic. < goa}- - 4. - ]|
Denaturation is a complex piecemeal process, with sub-transitions
spread over a 15-2@ange, emanating from micro-domains of

PNMCS-11 \

a few base pairs to macro-domains of >500. All have different of LN S e e
stabilities and many overlap one anoi{it), and therefore it can polyda-dT Insert

be difficult to determine the states of equilibria for individual 60 65 20 75 "~ e 9% 95
transitions. The difficulty can be circumvented, however, by Temperature,'C

constructing plasmid DNAs, such as the pN/MCS-series described

above, that harbor large, discrete domains of sharply-melting

oligonucleotide repetitive elements. The equilibrium denaturation ofigure 2. lllustrative melting curves of pN/MCS11 and pN/MCS12 DNA.
these domains can be isolated from the background contributiori§ese curves were obtained from the derivative of the loss of hypochromicity

" . . . t 270 nm; in the standard buffer: 0.005 M Na-cacodylate, 0.2 mM Na-EDTA,
of nearby transitions by subtracting denaturation profiles of) -\, NaCl, pH 6.85. The insert sequence in these plasmids was [AAGTT-

plasmids without the insert from those that hay&4t23). GAACAAAT] \AAGTTG, whereN = 57 in pN/MCS11 and 16 in pN/MCS12.

RESULTS
substantially lower in (G+C) content than the adjacent barrier
Domain stability and Tjj in the standard buffer (0.075 M N&) domain, so that inserts Kpnl-cut plasmids melt from one end

. - , ) ) _of the DNA. The first sub-transitions emanating from both
Dissociation of DNA takes place in a piecemeal fashion withjasmids in Figure 2 are for the insert. In pN/MCS11, the insert
increasing temperature. Helical segments or domains of varialjggn = 57 repeats for a total domain length of 747 bp. Thhe
sizes dissociate in a cooperative fashion by one of five typesg?r this insert is 74.4%C. In pN/MCS12N = 16 for a length of
sub-transition depending on where the domain oc(23. 514 bp, with &y = 74.48C. As given in Table 1&pni-cut
lllustrative 270 nm curves of pN/MCS-11 and pN/MCS-12 DNA\/MCS10 with the same repeat sequence of an intermediate
in the standard buffer are shown in Figure 2. Both show 184 (500 bp) melts at 74.242. Thus Ty are the same for all
distinct peaks, 12 that originate from the plasmid. Each peak @ repetitive inserts (74.48.03°C), indicating thermodynamic
shoulder generally does not reflect the melting of a single domaifygitivity and the absence of any extraordinary long-range
but consists of several sub-transitions closely spaced in temperat%rﬁergetic effects associated with domain lengths >214 bp. The
The first, very sharp transition at 65248 due to the melting of <56 is true of other repetitive inserts of matching sequence in

ponIEdA-dTg, added q to all DEA dspefcim?ns as a (cj:_qnvenienfaue 1a, in quantitative agreement with the long-held assumption
marker and secondary standard of solvent conditions. ThE,: the helixscoil equilibrium or stability constant for an entire
melting of this synthetic homoduplex is sharp and particularlyjomain of lengthiN depends on the product of stability constants
sensitive to the effects of ionic strength. It's half-width is onlyf

0.067+ 0.007, while Ty of replicate experiments vary by less or the individual pairs in the domai&‘j“. Also, when transitions
than +0.02. This meansTy of plasmid transitions obtained &€ followed at 270 nm where the dissociation of Adase pairs

together in the same ionic environment can be determined wigigntributes the same as Gpairs (27), the integrated areas under
similar precision. Sensitivities ofy to variations in base 1€S€ Sub-transitions are proportional to domain leagth bp.

e o e he integrated area under the sub-transition for the 747 bp insert
h herefore limit ly by L= .
Eggﬁgﬂggno? tT](ie g)en(z;%esr:::igg;[n\foﬁ/r:d.t erefore limited only b n pN/MCS11 in Figure 2 is almost exactly 8.&arger than for

Curves of pN/MCS11 and pN/MCS12 in Figure 2 melt over &€ Insert transition in pN/MCS12.
15° range, where base compositions of domains contributing to | N€ results in Table 1a give clear indications of the level of
sub-transitions vary between 0.23 and OgdFThe insert in Precision that can be achievedip of domainsl were derived
these plasmids: [AAGTTGAACAAARIAAGTTG, with a in this study from a Igrge set of linear algebraic expressions for
(G+C) content of only 0.23, was installed atmed locus of the ~ Measuredi of domains, where
MCS. This locus splits a large, relatively (G+C)-rich domain in Tv = Zfi - Tj 2
two, creating two (G+C)-rich boundaries that serve as energetic ) ] ) )
barriers to further melting of inserts. The hefizoil sub-transitions and wherd; represents the fractional neighbor pair frequencies
of these barrier domains, represented by heavy lines in Figurein the domainT; were determined by Crout's method for LU
occur at the higher temperatures corresponding to peaks labefgatrix decompositioif29). The matrix was filed with 35 linear
10 and 11. algebraic equations of the type,

The curves in this figure were obtained from plasmid DNAs
linearized at the unigu€pnl sequence in the MCS in preparation
for melting. The recognition sequence for this enzyméogether with selected results from our previous study of domains
(GGTACC) is immediately adjacent to the insert, which isof quasi-random sequenc®&, for the synthetic homo- and

fAA'TAA+fAT'TAT+fTA'TTA+ ..... +fGG'TGG :TM 3
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Table 1a.Dependence ofy for repetitive insert domains on base sequence, location and size

fax N End Ty°C Log% AT AT,
b  TuC

Plasmid Insert Sequence a) bp Exptal Caled ¢ d @&
pN/MCS! [ACTCGGACGA]sSACTCG 155 | 88.631 91.941 271 285
pN/MCS2 [ACTCGGACGA]ACTCG 305 | 88.833 90.196 1.36 1.38
pN/MCS2 [ACTCGGACGA];ACTCG 305 | 88.805 - 1.39 138
pN/MCS2  [ACTCGGACGALACTCG 305 | 88.747 - 145 138
pN/MCS5  [ACTCGGACGA];;ACTCG 335 | 88.842 90.081 1.24 1.25
(NA) 88.771 |89.207
10.078
pPN/MCS10 [AAGTTGAACAAAT]AAGTTG 500 | 74.418 75288 | 0.87 0.83
pN/MCS10 [AAGTTGAACAAATIAAGTTG 500 - 75.270 | 0.85 0.83
pN/MCS10 [AAGTTGAACAAAT],,AAGTTG 500 - 75.255| 0.84 0.83
75.271
10.013
pN/MCS11 [AAGTTGAACAAATI;;AAGTTG 747 | 74.488 75.028 0.54 056
pN/MCS12 [AAGTTGAACAAATI,(AAGTTG 214 | 74.475 76348 | 1.87  2.01
PN/MCS12 [AAGTTGAACAAAT],(AAGTTG 214 - 76.273 | 1.80 2.0l
0.385 74.460 |74.481176.311
.031 ).038
pN/MCS13 [AAGTTGAACAAAAT];AAGTTGA 245 [ 73.894 75597 | 170 1.74
pN/MCS13 [AAGTTGAACAAAAT],;AAGTTGA 245 . 75564 | 1.67 174
75.581
#).017
pN/MCS14 [AAGTTGAACAAAAT] 4, AAGTTGA 203 | 73.895 759501 2.05 2.12
pN/MCS14 [AAGTTGAACAAAAT) ;AAGTTGA 203 | - 75.983 | 2.09 212
0.429 73.894 (73917 | 75.967
H).0004 #).017
pN/MCS3 [AAGTTGACATI;AAGTTG 0200 135 76.779 76.815 80.355 3.58 3.31
pN/MCS6 [AAGTTGAACAAT];AAGTTG 0.333 330 75.113 75.139 76.385 129 1.27
pN/MCS15 [AGTGACAT],AGTG 0.000 292 79.276 79.326 80.603 133 145

pPN/MCS16 [AAGTTGAACAAAAAT],AAGTTGA @ 187 74476 74385 76547 2.07 232

pN/MCS22 [AAGTTGAACAAAAAATI],AAGTTGA 200 73.078 73.048|75.314 | 2.24 2.16
pN/MCS22 [AAGTTGAACAAAAAAT],AAGTTGA 200 - 75.360 | 2.28 2.16
pN/MCS22 [AAGTTGAACAAAAAATI;AAGTTGA 200 - 75336 | 226  2.16
0.500 75.337
30.019

Table 1b.Additional plasmids with repetitive insert domains examined in this study

Plasmid Insert Sequence N bE
pNR6 [ACTCGGACGA];3CACTCG 135
pNR7 [ACTCGGACGA]sCACTCG 55
pNR8 [ACTCGGACGA]4CACTCG 405
pNR9 [ACTCGGACGA];:CACTCG 225
pNR10 [AAGTTGACAT];;CACTCG 275
pNR11 [AAGTTGACAT]CACTCG 205
pNR12 [AAGTTGACAT]sCACTCG 55
pNR13 [AAGTTGACAT];0)CACTCG 105
pN/MCS4 [ACTCGGACGA];7ACTCG 175
pN/MCS7 [ACTCGGACGA]ACTCG 225
pN/MCS8 [0.395Fc tambda fragment at position #36305-36532] 228
pN/MCS17 (dA-dT)se 50
pN/MCS20 [AAGTTGAACAAAAATISAAGTTGA 82
pN/MCS21 [AAGTTGAACAAAAATBAAGTTGA 127
pN/MCS23 [CGGTGCTCAAAAAATGTAGCATLsCGGTGCTCAAA 341
pN/MCS24 [AAGTTGAACAAAAAT]LWAAGTTGA 217
pGC110  [GCCCGGGTACCATGGCACGT]sGCCCGGGTAC 110
pGC230 [GCCCGGGTACCATGGCACGT];:GCCCGGGTAC 230
pGC350 [GCCCGGGTACCATGGCACGT]GCCCGGGTAC 350

pGC530  [GCCCGGGTACCATGGCACGT],;GCCCGGGTAC 530
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copolymer duplexes that were included previo(®F), but now  Table 2a.Nearest stacked and paired neighbour energies
suspected of adopting unusual non-B structures or of dissociating
through mismatched intermediate states, were excluded and®i” g

1.0M-Na+ 0.0745M-Na+
Ty Ty

S, o) ) 0 ) <)
replaced instead with 22 equations for fhig of repetitive ’_Ji oK 7 KT C A A MMy Sy
domains in Table 1a and b. The latter were given greater weight 14 2,08 7047 35063 5458 781 2383 778 37
in the matrix since neighbor biases in these sequences are greatg:-rﬂ 1078 8908 6024 6677 845 2486 sis 2402
TheirTy, sequence assignments §nare more accurate; greater ‘ ’ ' ‘ ' ' ' '
confidence could be attributed to specific neighbor pairs. 3 (T:é 19.19 89.38 36254 67.75 850 2494 821 2404
Values forTjj in the standard buffer are listed in column six of 4 AT 1935 8971 36293 6795 851 249 821 2404
indi AT
Table 2, where the average errat0s22°. They indicate thaly s §& 1730 os40 37165 7898 900 2583 | 857 2430
=42.145 (G+C) + 63.968,°C, which is in good agreement with 6 §S leou 10500 37825 8598 947 2636 g0 2adt
equatior, from a very large collection @}, for natural DNAs cG ' ' ' ' ‘ ‘ '
accrued over the past 35 yea'm:: 41971 (G+C) + 63981,0C 7 g(cj 16.01 10528 37844 87.23 953 2645 8.84 24.50
(29). 8 GC 1418 11849 391.65 102.50 1034 2752 934 2486
AT
9 CG 1371 121.17 39433 105.71 10.51 27.73 9.45 24.94
G-C
Effects of (dA-dT)-tracts 10C-G 1021 14373 41689 13222 1191 2937 | 1031 2556
A number of pN/MCS plasmids with repetitive inserts with Table 2b.Free energy differences betwedghgnd the mean for.f)
between 0 and 8 AA or TT neighbor pairs were constructed, 4G (cal-mol-bp')
including a series with 1-6 (dAIT) pairs in tracts. These appear ref: (14,15) 16 an (18)  (this work)

in Table 1a, where there is a value for the insert mole fraction of
AA plus TT nearest neighboifaa, listed in column three. A plot

of Ty for repeat domains agairigh shown in Figure 3 is linear -143 -179 -175 712 -88.5
with a correlation coefficient of 0.9997 and standard error of +476 +45 +399 511 +390.7

i +369 +334 +186 +80.6 +219.6

2

3

4
+0.036°. The absence of curvature or deviation supports the 50 4383 +149 +205 42220 +1327

6

7

8

9

-80 -54 -35 -151.0 -65.6

application of nearest neighbor additivity for AA (TT) neighbors 324 +42 -117 -161.5 -31.0

at the temperatures of these experiments. Moreover, the data +588 +362 +421 +26.1 +441.7
extrapolate to @ of 66.8T for the pure AA (TT) neighbor, in +249 +178 155 41928 +84.5
good agreement with that obtained by LU decomposition, 66.77 -608 272 497 (1286 -492.5
(Table 2), but significantly higher than tfig for poly(dA- dT), 0 1o 632 76 3B 6107
65.45C. The lowerTy for the polymeric homoduplex probably

reflects the increased access of long -@B-tracts to greater a) The uncertainty ifi; %-0745M —Na* (@/n)l/2,js +0.22°, and+0.56° for
degrees of freedom during melting, with formation of mismatched 1™ -Na-.

loops, and thereby a larger transition entropy. b) Cal-molij ™. The uncertainty idH; is +290 cal-molj1,
c) Cal-molij-degL; in 0.0745 M — N&

d) From equation&4 and15 (ref. 38).

Loop energetics

The formation of internal loops requires sufficient energy tQ, hare

interrupt the helix; to release stacked residues from cooperative

neighbor-pair dispersion forces. Moreover, the restoration of f(N) = (N + D)= 5

helix from N dissociated coil residues of an internal loop involved

in a helix=coil equilibrium is favored by the proximity of loop and whereN is the number of residues in the loop domBiris

residues. In consequence, the stability conq&hﬁs weighted an empirical stiffness parameter, anthe loop-closure exponent.

by a cooperativity parametey, and loop function for the greater  Repetitive domains melt as internal loops when the pN/MCS

probability of closure: plasmids are linearized HycdRV, which cuts at position 185,

805 bp away from the insert. The insert is isolated by (G+C)-rich

S o0 f(N) 4 parrier domains on both sides (Fig.T).for these interior ‘loop

a) Mole fraction of (AA + TT) nearest neighbors in the repeat sequence.

b) Circular plasmid DNA linearized bigpnl, immediately adjacent to the repetitive insert domain. Box&huh Ty denote values for different lengths of the
same repetitive sequence, together with the average and standard deviations for all lengths.

¢) Circular plasmid DNA linearized ycdRl, 803 bp away from the repetitive insert domain. Boxeaep Ty, denote values for replicate measurements, together with
the average and standard deviation.

d) ExperimentaATy = Ty '0°P— Ty, end

e) Calculated as described in the text.

f) The repeat sequence of this insert was found to be mysteriously corrupted with nine mutations after transformatiorcatimhamgiiié host cell: three transitions, six
transversions and one deletion. The resulting changes in nearest neighbor frequencies led to an incréage adrh&inTy, over that that would have been
expected for the prototypic sequence. The calculBjeith column six of this table was determined from the observed (mutated) sequence.
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80 ‘ _
0 = eosl ... g Helixinterior |
o . : : : : (EcoRV-cut)
o L e :
2 AT
78 5 _
S 004 - Helix-end
C\ 5
76 F ‘
N § 002 v
Ao et
=
_\C 5
74 M | E 0 :
L\s 3 ;
C
N\ 70 71 72 73 74 75 76 77 78

Temperature, °C

-~
~

Figure 4. Transitions of the sequence [AAGTTGAACAAAAAATIAAGTT-
GA in pN/MCS22 when situated at teadand interior Ipbop) of the linearized
plasmid DNA, are plotted together in this figure. The experimental curves are
represented by the continuous traces. Curves represented by open digiionds (
and squared (), were calculated foend andloop melting, respectively, by a
statistical mechanical routine described in the text. Values for parameters in this
routine were taken from Table 2 and the text. The curve represented by open circles
68 il (O) was obtained by the van't Hoff cosh equation (22) for two-state transitions,

- with parameters determined by least-squares regression fit to the experimental loop
curve:N = 187 bpAHy = 8.33 kcal/mol bp, and@ly = 75.34C.

T 'M of repetitive sequence domain, °C

~
=]

Ti, 4 by linear extrapolation = 66.81°C —>
(by LU decomposition = 66.77°C)

66 36 O
0 0.2 04 0.6 0.8 1.0 > K
f - [A4] :
JAA ~  [AA] + [AGTGACAT] < 32
&
<
3 o
Figure 3. Plot of Ty for repeat domains against the mole fraction of AA (TT) g 28 0
neighbor pairs they contaifaa. B +
24 R
domains’ are higher than for ‘end domains’ of the same sequence,
as can be seen in Table 1a. While dorigjrof repetitive inserts ° o
positioned at the end of helixes are dependent only on sequence, theyz 2 D

M

are dependent on both sequence and length when positioned <8
internally. Examples of sub-transitions for both the éahitcut) :
and loop EcdrV-cut) melting of the 200 bp repetitive insert in
pN/MCS22 are plotted together in Figure 4, represented by the
(noisy) traces. These two curves, obtained by subtracting the curve
for pN/MCS without insert from pN/MCS22 cut bgpnl and

P_T,

Experimental ATy, =Ty

EcdrV, haveTy of 73.078 and 75.3:€, respectively, for a 08

ATy = TP — Tyd = 2.24. Assuming weighting factors for o

loops to be largely if not totally independent of sequence, their 04

dependence on size will be proportionalA§,. A convenient -

representation of this dependence for all 22 independent

measurements Ty (Table 1a) is seen with the data points in 0 0 0001 0002 0003 0004 0005 0006 0007 0008

Figure 5, plotted againdtN. L 1

%\s seenpin equat?om the evaluation of cooperativity and loop [Domain Size, N (bp)]
parameters requires knowledge of the stability constants, and
thereby, of both transition enthalpies and entropies: Figure 5.Plot of ATy Ty '°9P— Ty endagainst the reciprocal of the loop domain
size, 1N. Experimental results are represented by the open circles, and listed in

Sj = exp(-AG;j/RT)=exp[(-AH;j+T - A5} )/RT] 6 Table 1a. The dotted line was calculated with the following values in the

. . . statistical mechanical routing; = 1.26x 105, D = 1,a = 1.75.
whereij represents each of the 10 neighbor pairs.

. ; the melting of internal domains. The repetitive domains, locked in
Transition enthalpies between two stable (G+C)-rich neighboring domains, are shown to
Transition enthalpies were determined in this study as describetklt in two-state fashion by several criteria when linearization is
previously (23), by analysis of two-state #iljtia associated with  catalyzed byecdRV, forcing domains to melt as a closed loop. The
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example of the two-state transition for the 0.23 (G+C), 200 bp  ¢7
repetitive insert domain in pN/MCS22 is represented by the sharper,
higher temperature transition in Figure 4.

The overall transition enthalpy for this domaitjtot, was
determined by least-squares fit of the three-parameter van't Hoff
‘cosh’ equation to the experimental curve in Figure 4 (Materials
and Methods). The fit over the full 74.0-78%temperature
range, represented by the open circles, gaud'@al = 1.541+
0.044x 1P cal/mol bp. A value of 1.58% 10° cal/mol bp was
obtained over the central 0.8egion, consistent with two-state
melting and negligible heat capacity differences between initial
and final states. The residuals were sm#ll{0021A70nm and
uniformly distributed, consistent with two-state behavior. Transi-
tion enthalpies determined previously in this fasl{ii), were
shown to be withint3% for the same repetitive sequence ‘ : i i - i i
differing by 250% in length, while further indications of two-state 30 25 20 A5 0 s 0 s 10
behavior were confirmed by statistical thermodynamic analyses. Ty-T,°C
The average integrated area under the insert loop sub-transition
of pN/M.CSZ? (I_:Ig. 4) from three measurement.s. on dlf_feren‘i:igure 6. lllustrative melting curves of pN/MCS DNA (no insert) on a
preparations indicatel = 187+ 7 bp over the transition region,  normaiizingTy-T scale, at three different sodium ion concentrations.
so that the mean unit enthal@y = [AH©®RY(N + 1)] = 8325+
380 cal/mol bp. Lengths of domains from sequence analysis and
from integrated areas during melting were confirmed by statisteontents, fg+c), become more compressed with increasing
cal-mechanical simulations (below). [Na*]. For example, curves dfpnl-linearized pN/MCS DNA,

Average errors akH; determined from transition equilibria are shown in Figure 6 on a normalizing —T) scale, melt over an
approximately+5%, larger for domains of higfs+c). Since increasingly smaller temperature range with increasing][Na
errors inT;; are >10-fold smaller thahH;j, the latter were tested The compression, which is most evident in the melting of the

Poly(dA«d
06 oly( $T)

0.1139M-N&°
04
03 |

0.0745M-N&"
02

dAbs(270nm)/dT

0.0344M-Na"

against the [Ng dependence of;j, which varies withAH; . poly(dA-dT) marker, is inherent in expressi@n where the
derivative ofTy; with respect ttog[Na*] yields a value of 20.15
Dependence on [N¥ per decade change in [Navhenf.c) = 0.0, but only 13.63

whenfg+c) = 1.0. Besides increaseslip, melting occurs over
Determinations ofTj in different [N&] were carried out to smaller temperature ranges with increasing'INa
expand the range of applicability of these quantities, as well asThe theoretical expression for the derivative is given by the
confirm values of\H; . The effects of [N§ on stability is given  Manning—Record equatid2,32):

by the Marmur—Schildkraut-Doty equati¢80,31): _
dTy/dlog[Na*] = 2.303[@RTy,)/AHulAy, .+ 9
Twm (°C) = 193.67 — (3.09 «d+c))(34.47 — 6.52I0g[N8]) 7 ) . .
where a is the activity coefficient for Na where

determined from a large collection of measurbgl from AP v = Poae, — Yhar . Tepresents the differential ion
published and unpublished results acquired over three decag@Sociation parameter for the release (per base)*didimd to
(19). This reléionship was determined from the behavior of veryhelix and coil states, and whef#y, = 0.5fjAH;j. AH; are
large DNAs and large mixtures of DNAs of different overall basgyimarily [Nat*]-independent; the effect of [Npon DNA
compositionsfig+c)], and is not quantitative for short sequencesstaility being entropi¢12,33). For the salt concerticms of
(<4000 bp) of biased neighbor frequency. . these experiments,= 0.95, while4y_, varies from 0.19 when

The N& dependence is caused by the ionic strength-lndepend%t+c) = 0 to 0.09 wherfg+c) = 1.0 (28). The compression
condensation of Nato polyanionic DNAs, which have a nhenomenon arises from this decreasdin,, . with increasing
particularly high negative charge density reIa_tlve to the S|nglq(—G+C)_ A large collection of calorimetric enthalpies with
stranded products. Nare therefore released in large number%lccompanyingM for dissociation of polymeric DNA specimens,
upon melting, indicate thatRTZ/4H,, is constant with a value of 852 (12).
-Na* +4r,_, - Na* 8  Avalue of 54t 0.2 forRT;/0.54H;, was obtained over the range
_ _ _ 0.03 M < [N4&] < 0.11 M with values ofj andAH; from Table 2a.
Subscripts denote helix (h) and coil (c) states, and gTy/d log[Na*] and dTj/d log[Na*] are plotted in Figure 7
AT+ = Tyar p ~ Ty o the number of Nacounterions released  againstT? and T2 (in standard buffer), respectively, in accordance
from association with the average-sized cooperatively meltingith equatior9. Open circles denotéT /d log[Na'] (Table 2a),
domain. Ty of insert domains were measured over the ranggng filled circlesdTy/d log[Na*] for transition peaks from the
0.0344-0.1139 M Na andTj determined as described above forpjasmid. The two sets of data are in good agreement with one
the standard buffer, and plotted agalogfNa®]. Values for the  gnother. The dotted curve through data points was produced by
slopesdT;/d log[Na'], and intercepts,Tﬁ-O“"*Na+ , for these linear  equatiord with values fo\Hy = 0.5+ H;j = 0.5 (52.78 Tj — 9489)
plots are given in columns three and four of Table 2a. and 4y, = —0.0011Tj + 0.523 over the range 320Tx <

Tj increase at different rates with [NaThe upshot is that 410°K. AS; in Table 2a were calculated frofH;/Tj, since
curves of DNAs with domains of different fractional baseAGj = 0 = AHjj — TjAS; atTj.

DNAT ot 1y Na® <= DNA-—r

Na*tc
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8 ) Figure 8. Two transitions of the 228 bp (A+T)-richDNA insert sequence
! (36305-36532) in pN/MCS8 when situated atehdand interior pop) of the
linearized plasmid DNA, at two different sodium ion concentrations, are plotted
together in this figure. The four experimental curves are represented by
0 [o} continuous traces. Curves represented by open cifclear(d diamonds§),
1.0 1.2 1.4 1.6 were calculated forend and loop melting, respectively, by a statistical
ij x 107 mechanical routine with values for parameters from Table 2, and the text.

Figure 7.Plots of values for the slopeiy/dlog[Na*] anddT; /dlog[Na*], for domains are listed in column six in Table 1, wiffy, for the

the sodium ion dependence of domain and neighbor-pair melting temperatureglifferences for loops listed in column nine, and represented by the

reﬁ_ﬁ)emive'y'_a?ain%z(Tii 2)t- IC'OSG% Ci;ﬂesd“:tpzjels_em S'OPeSI fOIr tdcéma}ms, dotted line in Figure 5. This agreement substantiates the several

whnile open circles represent slopes lipr [ ne dotted line was calculated wi : H H :

equatio?Q, with the foﬁowing valueby = 0.5 AH; =0.5(52.78T; ~o4gg)  assumptions above, including the two-state assumption. Calculated

andAWy+ = —0.0012 T, + 0.523 over the range 3207 < 410°K. denaturation maps also indicate that repetitive domains dissociate
as loops in two-state fashion. Small differences between observed

and calculated temperature scales are attributed to small errors in

Table 2b lists values for the difference in free ened%;, the experimental curves, or small uncompensated errors in
between that forij) and for the average of like pairsj)( where,  AH;j/AS; for one or more of the 10 nearest neightfa8).
OAG; =AGj — BAG + dAG)/2 =3T;i - AS;. 10
Gi =AG; ~ 0AG + AG) i85 DISCUSSION

AccurateTj andAHj have been obtained in this study from a
systematic analysis of high-resolution melting curves of well-
The loop parameters were calculated from equafiansi, with  behaved synthetic tandemly repeating sequences over the range
values for Tjj, AS and AH; from Table 2. Results of 0.034-0.114 M Na The polymeric DNA specimens were
ATy = TL‘,I"”’ — Tein Figure 5 were fit by nonlinear regressionrecombinant plasmids, constructed with repetitive sequence
to these expressions, from which the following value emergediiserts at a site with favorable energetic characteristics and
oc = 1.26x 105, whenD = 1 anda = 1.75, represented by the convenient restriction sites for the linearization of plasmids in
broken curve. All three parameters could not be determinddfeparation for melting.
uniquely from these data, therefore values@oanda were Tj differ from those obtained in previous studib$-18), as is
assumed (34). Differences veen observed and calculatef,  apparentfrom free energy differences in Table 2b. Standard errors
listed in the final two columns of Table 1a are small and withif=0.2°) are significantly less than they were in our previous
experimental error, suggesting this value for the cooperativit’gfu_d)’(ﬂ), dthough magnitudes o remain in the same order
parameter is applicable to loops of all size¢0Q bp) and byij as reported in previous studies, with similar relationships of
sequences, regardless of (G+C) content. stacked purines and pyrimidines,

Transitions were calculated for the pN/MCS plasmid sequencea = = = =
as previously describgd7,22). Curves are represented for thegﬁGp“'py( 397 cal) 0AGpy-pu (+30 cal) >0AGpy-pu (+351 cal),
repetitive insert sub-transitions in Figure 4 without adjustment bseflecting differences in stacking interactions for purine—pyrimi-
the open diamonds and squares for end- and loop-meltindine, pyrimidine—purine and purine—purine neighbors. Results
respectively. Observed and calculated transition curves for tlage consistent with neighbor-pair thermodynamic addit{@i5y,
228 bp insert in pN/MCS8 from lambda DNA, obtained at theind the absence of any longer-range energetic factors, despite
[Na*] extremes of 0.0344 and 0.1139 M*N\Nare shown together implications that might be interpreted to the cont(@§). The
in Figure 8. In all six examples, the agreement between observadbility constant for entire domains depends only and quantitat-
and calculatedyy, transition amplitudes, breadths and areas itvely on the product of stability constants for each individual pair
good, and the rms error small. Calculafggfor other sequence in domainss; N,

Statistical thermodynamic analysis
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Transition enthalpies were determined by analysis of two-stagpecimen with four equi-spaced (d&\)-tracts is preceded by a
equilibria associated with the melting of internal domains. Thenodest transition below ST, reflecting a pre-melting structural
repetitive domains, locked in between two stable (G+C)-riclhearrangement of the tracts from a low temperature conformational
neighboring domains, are shown by several criteria to melt istate to the standard B-form at higher temperatures. The melting
two-state fashion when linearization is catalyzedHzpRV,  of oligomeric specimens used for measurements of calorimetric
forcing domains to melt as closed loops. Average erraisipf ~ AH; often occur at <37C, and therefore could reflect both
are approximately=5%, slightly larger for domains of high pre-melting and global contributions.
fic+c). AH;j were verified from a systematic investigation of The plot of Ty of (dA-dT)-tract-containing domains against
variations ofTj with [Na], which depend inversely ofH; faa extrapolates to 66.81for the AA (TT) neighbor, in good
(12,32). VerifiedAH; increase witlTjj, in close agreement with agreement with that obtained by LU decomposition, 66 @at
the empirical function:4H; = 52.78- Ti(1?~0745M*Na+ — 9489, significantly higher than th&, for poly(dA- dT), 65.45C. The
and in parallel with a small increase/\fy (Table 2a), which lower Ty for the latter reflects the increased access of long
varies withTj([Na*]). AH; increases more-or-less in parallel (4A-dT)-tracts to greater degrees of pairing freedom during
with the (G+C) content of neighbor pairs, a reflection of increaség€lting, with sliding degeneracy and mismatched lo@gs,and
in neighbor-dependent stacking and hydrogen bon@7). thereby of alarger transition entropy than given in Table 2a for ApA.
Small variations in entropy witlj; andf.c) appear to reflect  The energetic effects of loops were determined from pN/MCS
variations in residual stacking in the dissociated coil state, afi@Smids linearized in preparation for melting#goRY, which
thereby, of variations in base hydration. cleaves the DNA 805 bp away from the insert. The insert is

From a combination of replicate measurements anigolated by (G+C)-rich barrier domains on both sides (Fig. 1),
[Na*]-dependent results, accuracies &#j in Table 2a are forcing it to melt as an internal loopy for these interior ‘loop
approximately =290 cal/mol bp, or+4%, slightly larger for domains’are higher than for ‘end domains’ of the same sequence,
domains of highefi.c). Comparisons can be made with thereflecting the stabilizing effects of base proximity in loops. While
results of an extensive compilation of calorimetric enthalpies ar@PmainTiv of repetitive inserts at the end of helices are dependent
accompanying melting temperatures assembled by K{agy ©nly on sequence, they are dependent on both sequence anc
for a large number of natural and synthetic DNAs. Calorimetrié€ngth when positioned internally. It was found that loop energy
transition enthalpies and entropies were summarized by t€uld be quantitatively defined by unique values for the

expressions: cooperativity, loop exponent and stiffness parameters, applicable
to internal domains of all sizes and sequence. The cooperativity
AHcq = 7.63(1 + 0.235fg+c) kcal/mol bp 11  parameterg, = 1.26x 10-is slightly larger than reported in our

previous study47).
AS. = 23.62(1 + 0.055g.c) cal/(mol bpdeg) 12 Statistical mechanical curves computed with this value for the
cooperativity parameter, and with([Na*]) andAH; in Table 2,
while the corresponding melting temperatures were fit to thare in quantitative agreement with observatioMyjntransition
following expression: amplitudes, breadths and areas of domain sub-transitions. With
accurate values @f; andAH; it is possible to calculate accurate

Tm =50 + 55fg+c°C. 13 stabilities of different sequences without recourse to actual
melting experiments. A program called MELTSIM has been
Substitutingl3 into 11 and12 leads to: developed for use in the windows operating system for calculat-
ing melting curves and denaturation maps of polymeric DNA
AHgal = 32.6 Ty — 2905 cal/mol bp 14  sequences, and will be made available by anonymous ftp.
AS5 = 0.0236 Ty — 16.0 cal/(mol bpdeg) 15 ACKNOWLEDGEMENTS
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