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ABSTRACT

Effects of the universal base 5-nitroindole on the
thermodynamic stability of DNA hairpins having a
6 bp stem and four base loops were investigated by
optical absorbance and differential scanning calor-
imetry techniques. Melting studies were conducted
in buffer containing 115mM Na *. Five different modified
versions of DNA hairpins containing a 5-nitroindole
base or bases substituted at different positions in the
stem and loop regions were examined. Thermo-
dynamic parameters of the melting transitions estimated
from a two-state analysis of optical melting curves
and measured directly by calorimetry revealed that
the presence of 5-nitroindole bases in the duplex stem
or loop regions of short DNA hairpins significantly
affects both their enthalpic and entropic melting
components in a compensating manner, while the
transition free energy varies linearly with the tran-
sition temperature. The calorimetrically determined
enthalpy and entropy values of the modified hairpins
were considerably smaller (43-53%) than the two-
state optical parameters, suggesting that solvent
effects may be significant in the melting processes of
these hairpins. Results of circular dichroism measure-
ments also revealed slight differences between the
modified hairpins and the control in both the duplex
and melted states, suggesting subtle structural
differences between the control and DNA hairpins
containing a 5-nitroindole base or bases.

INTRODUCTION

stacking while minimizing hydrogen bonding interactions,
without altering stability of the double-stranded structure. In
addition, the nuclectide triphosphate of the universal base
should function like a natural bagevivoand therefore be able

to be cloned (1). Several examples of base analogs that could
have these desirable characteristics have been reported (2—6).
One of these, the universal base 5-nitroindole (5-NI), was the
subject of the studies reported here.

Nucleoside synthesis of 5-NI was first described in 1994 by
Loakes and Brown, who reported the complete synthesis of 4,
5 and 6-nitroindole (3). The effect on duplex stability of incor-
porating these base analogs was determined from melting
analysis of a series of 17 bp duplex DNAs containing one or
more universal base moieties substituted at varying positions
for natural DNA bases. Their studies concluded that all three
universal bases destabilized the duplexes, and 5-NI was the
least destabilizing.

In this paper we report results of optical and calorimetric
melting studies of DNA hairpins containing a 5-NI base or
bases at different positions in the stem and loop regions. The
hairpins were designed to form from 16 base self-complementary
single-stranded oligomers that fold intramolecularly to DNA
hairpins with 6 bp in the stem and four bases in the loop.
Results for the hairpins containing 5-NI are compared directly
with results of melting analysis of a natural DNA hairpin with
a 6 bp duplex stem and, Toop that was characterized by optical
and calorimetric melting techniques as part of a previous study

(7).
MATERIALS AND METHODS

DNA samples
Six partially self-complementary DNA strands were prepared.

Emerging applications of DNA hybridization-based technologiestive of these contained the universal base 5-NI at one or more
coupled with the ever increasing desire to finely tune hybrigdifferent positions in the strands. The self-complementary
ization reactions, has spurred efforts directed toward constructirggauences were chosen to encourage formation of intramolecular
a synthetic universal DNA base analog. Among other thingsPNA hairpins. DNA strands were synthesized on an Applied
when incorporated into a duplex the ideal universal DNA bas@iosystems ABI380B automated DNA synthesizer. The 5-NI
should be able to form stable base pairs with the four naturdlase was purchased from Glen Research (Arlington, VA) as a
bases and be capable of priming DNA synthesis by DNAlrityl protected phosphoramidite, rehydrated in dry acetonitrile,
polymerases. Itis desired that such a universal base would baglaced on the DNA synthesizer and used fresh within 24 h. Single-
pair non-discriminately when incorporated into a DNA duplexstranded oligomers were purified by denaturing gel electro-
and not significantly perturb duplex structure. A base thaphoresis and exchanged via dialysis into melting buffer. The
could behave in this manner would be expected to maximizstructure of 5-NI as a nucleoside is shown in Figure 1.
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have a loop comprised of four 5-NI bases or two 5-NI bases
flanked by T residues, respectively.

+Z=0

SO Optical melting experiments

Melting buffer comprised 100 mM sodium chloride, 10 mM
H o sodium phosphate and 1 mM EDTA, pH 7.5. Optical melting
curves were collected as the UV absorbance at 268 nm versus
temperature. Melting data were acquired with a Hewlett Packard
8452 diode array single beam spectrophotometer equipped
OH with a thermostated temperature controller and sample holder.
For all hairpin samples, melting experiments were performed
over the strand concentration range 0.8480. DNA concen-
trations were determined from extinction coefficients cal-
culated using the published nearest neighbor nucleotide values
at 260 nm (8). The extinction coefficient for 5-NI was reported
to bee = 18 300/M/cm ai\,,, = 266 nm for the free base, not
the nucleotide or nucleoside (1). The reported extinction
coefficient for the nucleoside derivative is slightly lower at
5GGAITIAC Control (C) € =16 000/M/cm A, = 260 nm (R.L.Somers, personal com-
FCcCT|ATG T munication). We assumed that the 5-NI nucleoside has spectral
T properties very similar to adenosine wih= 15 400/M/cm at
Amax = 259 nm, which is only slightly lower than the reported
T T value for the 5-NI nucleoside. Thus, in calculations of the

extinction coefficients using the nearest neighbor values at
N-A 5 GGA A T 3 A[TIAC T T-N
3¥CcC TT G T 3F¥yCccC

Figure 1. Structure of the 5-nitroindole DNA nucleoside.
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260 nm, a 5-NI base was treated as an adenine. Prior to melting,
TiNjTe T samples were first heated to @ for 15 min, then incubated
T T on ice for 15 min. Samples were degassed by bubbling with a
fine stream of helium for at least 30 min. Degassed samples were
T T gently filtered through a 0.4Bm nylon filter into a dry quartz
N-N 566 AlNA ATACGC T-N,-T cuvette. Depending on the sample concentration, cuvette path
2cec TEIT lil lengths were 0.1 or 1 cm. Absorbance values at 268 nm versus
temperature were collected over the range 12€8%amples
were allowed to equilibrate for 15 min at the beginning temperature
of each heating—cooling cycle. Temperature was increased
N (and decreased) linearly at a rate of G while the absorbance
N, SGGATACH N at 268 nm was continuously monitored. For each sample, at
¥CCTATG| N least three complete (heating—cooling) transition curves were
N collected at each DNA concentration.

Prior to melting experiments on each sample, a buffer baseline
was acquired by simply increasing the temperature of the
buffer alone under conditions identical to those for melting the
Figure 2. DNA molecules of this study. Five modified hairpins having a 5- DNAs. The buffer baseline was subtracted from the raw
nitroindole base (N) in the stem and loop regions were prepared and StUdieAabSOI'bance versus temperature curves for each DNA sample to
Results for the modified hairpins were compared to those for the natural DNA'. .
control (C). The nomenclature used for referring to each hairpin throughout th¥Ield baseline corrected absorbance versus _temperature curves
text is given. for the samples alone. Procedures for reduction of these data to

provide curves of the net fraction of broken base p&g§T),
versus temperature and to obtain derivative curvég/dd,
versus temperature have been described (9).

Sequences of the six DNAs studied are depicted in Figure %Melting curve parameters employed to evaluate transition
in their presumed hairpin configuration. Position of the 5-Njthérmodynamic parameters were the peak height maximum

base in these molecules is designated by an N. The nomenclat{fs/dDmax and the transition temperatuilg, defined as the
femperature at @b/dT).,,. The following are the familiar

used to refer to each hairpin is also given in Figure 2. The contro ; ; .
P 9 9 xpressions that use these graphically determined parameters

hairpin C, is the natural sequence with 6 bp in the stem and timate th I "t Hoff th d ; .
T, single-stranded loop and does not contain a 5-NI baseo £Hmate i€ melting vant ot thefmodynamics assuming a
g/o-state melting transition (10).

Results for C serve as the basis for comparisons of the relati
melting properties of the other molecules having 5-NI bases. AH,, = 4RT 2 (dBg/dT) ax 1
Hairpins containing a single 5-NI base opposing either an A or S, = DH, /T >

T residue on the 5' or 3' side of the stem are designated N-A H™ = vH T

and T-N, respectively. The molecule having a pair of opposingbviously, in this analysis the transition enthalpy and entropy
5-NI bases is designated N-N. Hairpins designatgdrid T-N-T  are linked directly througfi,,,

® O
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O @
0o @
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Calorimetric melting experiments

Excess heat capacities of DNA hairpin sampla€*, as a
function of temperature were measured on a Microcal MC-2
ultrasensitive differential scanning calorimeter (DSC) instrument
(Northampton, MA). The instrument was calibrated with a
standard known electrical pulse prior to data collection. To
prepare them for DSC melting experiments, DNAs were dialyzed <
exhaustively against melting buffer. Sample quantity was
~25 OD/ml (or greater) in a total volume of ~2 ml. This
amounted to strand concentratiatib0 M. Thus, DSC melting
curves were collected at DNA strand concentrations 4-187
times higher than optical melting curves. At least 10 buffer
versus buffer baselines (reference and sample cell both con-
taining melting buffer only) were scanned prior to acquisition

of actual DNA versus buffer curves. For DNA samples, 8 to Temperature °C

10 scans were collected from 4 to F@at a heating rate of

60°C/h. When acquisition of DSC melting curves on a particular

Sample was complete the sample and refer_ence _Ce”S, of tI'rl?gure 3. Normalized optical melting curves of the DNA hairpins. Plots of the
calorimeter were thoroughly cleaned by washing with dilutedraction of hroken base pair8, versus temperature for the six DNA hairpins
warm standard detergent solution and rinsing exhaustivelyf Figureij. These are the average of at least three melting experiments.
with nanopure water. The procedure was then repeated for tﬁé;%gg‘goftﬂf %%T;ii”CLﬁnggsazfégz‘éiéﬁgws‘? hmf"gri]”d’?aor:]e:#(ﬁ? ?ﬁ

next melting curve measurement.’ starting with the buffe[ﬁh’ed triangles; C, opengtriangles; N-N, filled sqtiiareps; N-A, filled ci’rcles; TN
versus buffer scans followed by melting of the next DNA samplegpen circles. The optical transition temperatufg,q,, derived from these
The DSC transition temperatur€,, -,, was determined as the curves is summarized for each hairpin in Tdle 1.

temperature at the peak height maximum on the baseline

correctedAC#* versus temperature curve. The integrated area

under the concentration corrected curve provided the reported

DSC transition enthalpy, temperature was normalized for total strand concentration and
JACdT = AHcy 3 used in further analysis.
The fundamental underlying spectral features of the CD
pectra collected for the DNA molecules were deconvoluted
using singular value decomposition (SVD). This technique has
J(ACHT) dT = Ay 4 been applied in a number of contexts, most notably in the
) _ analysis of CD spectral data from DNA and proteins. For our
For the molecules of this study it was found th&, = AHco(Tr,  application of the method, the CD spectrum collected from 320
within the experimental errors fof,, and AHc, Additional 14 212 nm at 10 and 8C for each DNA molecule was cast as
significant figures were included in values #Hc, (AndAHy) 4 row vector comprised of (320 — 212)/6:270 elements. The
andAS:, (andAS,) to allow for a more accurate calculation of get of yectors for the six DNA molecules at 10 and@@vere
AGcy (and AG,). Values of the thermodynamic transition g piacted to SVD analysis. The analytical procedure was
parameters were also determined by fitting DSC melt'n%ssentially that described previously (11).
curves with a two-state-model. SVD analysis determines the minimum number of basis
Circular dichroism (CD) spectra with significant weight that can be I_int_aarly co_mping-d
. to produce each measured CD spectrum within certain limits.
CD spectra were collected on a Jasco J-600 spectropolarime{esr each molecule the set of linear coefficients for the basis
at temperatures controlled by a thermostated sample Celbctors at 10 and 8@ were determined. Comparison of the
holder and circulating water bath. Temperature of the samplgaiues of these coefficients revealed subtle differences
holder was maintained at 10 or &D. Sample requirements for petween the CD spectra of the molecules containing 5-NI and

CD measurements were similar to those for absorbance measuga control molecule, in the duplex (IT) and melted (8TC) states.
ments. DNA solutions having OD readings between ~0.4 and

0.8 were optimal. Three milliliter sample solutions were placed
in a 1.0 cm path length cell. Samples were allowed to equilibratRESULTS
in the sample holder at the desired temperature for at least
15 min prior to collection of CD spectra. Data were collecte
from 320 to 200 nm at a rate of 10 nm/min and wavelengtiOptical melting curves for the molecules of Figure 2 are shown
increment of 0.4 nm. To avoid absorbance interference at shair Figure 3, where the fraction of broken base pdlgsjs plotted
wavelengths<£235 nm), CD spectra were collected on DNA versus temperature. The curves in Figure 3 were derived from
samples in melting buffer that did not contain EDTA. plots of the absorbance at 268 nm versus temperature, collected
CD spectra are presented as plotagfy (per cm/M) versus  (but not shown) for each DNA in buffered 115 mM Nsolvent.
wavelength (nm). At least five scans were collected for eackll DNAs examined exhibited melting temperatures independent
sample at 10 and 8C. The average of these scans at eactof strand concentration from 0.8 to 4QuM. This is consistent

ure 2,

The DSC transition entropy values were determined from thg
integrated area under curves&g€ /T versus temperature,

ptical melting curves experiments
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Table 1. Transition temperatures determined from optidg §,) and DSC T;,, c,) melting curves for the six
hairpins of this study

Molecule %A Toon(0)  Twca(C)  ATpon(C)  ATnca(O)
Control 16.3+0.6 59.4+0.2 59.3+0.3 0.0 0.0

N-A 10.8+1.1 42.3+0.4 41.8+0.5 -171+0.4 -17.5+0.6
T-N 10.7+1.0 409+04 4051204 -185+0.4 -18.8+0.5
N-N 11.7+0.8 52.5+0.2 49.1+04 —-6.9+0.3 -10.2+0.5
T-N,-T 145+0.7 60.3+0.2 63.1+0.3 0.9+0.3 3.8+0.0
N, 13.5+0.7 65.7+0.2 69.3+0.4 6.3+0.3 10.0+0.5

®DNA hairpins depicted in Figufg 2.

Also shown are the difference,, ¢, andAT, o, between the DSC and optical transition temperatures of
the control hairpin and modified hairpins containing the 5-NI base or bases. The relative hyperchromicity
changes at 268 nm for melting of the hairpins are shown in the first column.

Table 2. Thermodynamic transition parameters determined from a two-state van't Hoff analysis of optical melting &tiyg48,, andAG,g3,4)
and measured directly from DSC melting curvAsig,, AS-, andAGyg; c.)

Moleculeb AH,y, (keal/mol)  AHg, (kcal/mol)  AS, (eu) AS, (eu) AG,g; 4 (kcal/mol) AGyg; 4 (Kcal/mol)
Control —47.2 -41.1 -142.0 -129.5 -5.6 -3.2
N-A —28.9 -19.5 -91.5 —61.8 -2.0 -1.3
T-N -36.7 -18.3 -116.7 -58.6 2.4 -1.2
N-N -33.9 -16.0 -104.1 —49.7 -3.4 -1.4
T-N,-T —43.5 -28.0 -130.4 -83.5 -5.3 -3.5
N, —42.9 —29.2 -126.7 —85.3 -5.8 —4.2

®DNA hairpins depicted in Figufg 2.
bEstimated uncertainty on thH,,, andAS,, values is +5%. Uncertainty inG,,, values is +0.5 kcal/mol.

with our assumption that the strands reside primarily in thevhile hairpin N, is significantly more stableXT, o= 6.3°C).
hairpin state under the conditions of the optical meltingThis higher stability could be due to several factors, including
experiments. Th&, o, values for the molecules, determined the presence of more favorable stacking interactions between
from the temperature at peak height maximum on their derivativéhe 5-NI bases in the loops and interactions with the surrounding
melting curves (not shown), are summarized in Table 1. Thessolvent, not present in the, Toop of the control.

values and the melting curves in Figure 3 reveal the most stable The relative hyperchromicity changes for each hairpin are
hairpins to be I (open diamondsT, o, = 65.7C) and T-N-T  also shown in Table 1. These increases in the absorbance at
(filled triangles, Ty, o, = 60.3'C) that have 5-NI bases in the 268 nm upon melting range from 16.3% for the control hairpin
loop. The hairpins with 5-NI in the stem are less stable than Qp ~11% for hairpins N-A, T-N and N-N. For hairpins,fdnd

in the descending order C (open trianglBsg, = 59.4C) >N-N  T-N,-T, with 5-NI bases in their loops, the absorbance changes
(filled squaresT,, o= 52.5C) > N-A (filled circles, T, o=  upon melting are ~14%. Relatively lower hyperchromicity
42.3°C) > T-N (open circlesT,, o, = 40.9C). Also given in  changes for melting the modified hairpins compared to the
Table 1 areAT o values, the result of subtractiri, o of  control suggest, when in the hairpin stems and to a lesser extent
hairpin C fromT,, o, of each of the modified hairpins containing a when in the loops, the 5-NI bases act to increase the absorbance of
5-NI base (or bases). As seen from th&, o, values in the fully intact hairpins and/or decrease absorbance of their
Table 1, a single 5-NI base in the stem causes tﬁe largest relativeelted single strands relative to the intact duplex and melted
change in stability. Hairpins N-A and T-N havk, values states of the control hairpin.

~17.5C lower than hairpin C. When two 5-NI bases oppose The van't Hoff parameterd\H,,,, AS,, andAG,,,, evaluated
each other, as in hairpin N-N, the hairpin is considerably morérom graphical analysis of melting curves assuming a two-state
stable than those having a single 5-NI base in the stem, but stithelting process, are summarized in Table 2. Estimated
less stable than hairpin C by’G@. Interestingly, the hairpins uncertainty on thé\H,, andAS,, values is +5%. Uncertainty
with the 5-NI bases in the loops display relatively higher stabilitiesn AG,, values is £0.5 kcal/mol. Table 2 reveals tht ,, and

than C. Hairpin T-N-T is only slightly more stableXT;, o= 0.9C) A, for the modified hairpins are smaller than for the control
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Table 3.Differences AAH, AASandAAG,q, between the optical and DSC thermodynamic parameters of the control and the five modified hairpins

Moleculet AAH,,, (kcal/mol) AAH, (kcal/mol) AAS,, (eu) AAS, (eu) AAGyg3 4 (kcal/mol) AAGyg3 ¢4 (kecal/mol)
Control 0.0 0.0 0.0 0.0 0.0 0.0
N-A 18.3 21.6 50.5 67.7 3.6 1.9
T-N 10.5 22.8 25.3 70.9 3.2 2.0
N-N 13.3 25.1 37.9 79.8 2.2 18
T-N,-T 3.7 131 11.6 46.0 0.3 -0.3
N4 4.3 11.9 15.3 44.2 -0.2 -1.0

23DNA hairpins depicted in Figu@ 2.

hairpin. Perhaps more informative for relative comparisons are 25
the differences betweefiH ., andAS,, for the modified and
control hairpins, summarized in Table 3 as the values/df,
andAAS,,,. For modified hairpins with a 5-NI base or bases in
the stemAAH,,; ranges from 10.5 to 18.3 kcal/mol. Likewise,
for these hairpindAS,, is from 25 to 50 cal/mol K. Even
though there are fairly large differences betweenHe, and
AS,, values of modified hairpins and the control, differences in
the free energie\AG,,,, are relatively small and range from
2.2 to 3.6 kcal/mol for the modified hairpins with the 5-NI
bases in their stems. Hairpins containing 5-NI in the stem had
AG,, values smaller than the control, consistent with the trend
seen for thel, o, values. For the hairpins with the 5-NI bases
in the loops, which actually hadl,, 5, values higher than the
control, AAH,,, and AAS,, are smaﬁer than for the hairpins
with the 5-NI bases in the stem, but still positive, i.e. both,,
andAS,, for these hairpins are smaller than the control. However,
their AH,; andAS,,; values combine to makA\G,, values for
the hairpins that are close to, or only slightly less than OFigure 4. Melting curves from DSC. Three DSC melting curves are shown as
Results of this optical melting analysis suggest that the 5-Nplots of excess heat capaciy,* versus temperature. The curves shown are
base affects both enthalpic and entropic components of hairpwehgrspé”tsr;gpi”tg;d%)' TNT (open squares) and,Nopen triangles).

- . L peratureg, ¢,, values determined for all molecules
melting in a compensating manner such @, remains linearly  are given in Table|L.
related toT, g

Results of the analysis of optical melting curves are founded

upon the assumption that the melting transitions of the hairpins
are two-state. Thermodynamic parameters evaluated from thsC melting curves are shown in Figure 4 as plots of excess
graphical two-state analysis depend heavily on the curvReat capacity\C ¥ versus temperature. The curves shown are
shapes of optical melting curves, because of the directinfluence @fr hairpins C (open circles), T-NT (open squares) and,N
(dBg/dT),, ON the van't Hoff enthalpyAH,,, = 4RT, 2(dB3/dT)yae  (open triangles). The DSC transition temperatiifg,,, values
Although N, and T-N-T displayed higheT, oy values than C,  are given in TabI§]J1. As can be seen, only for the control and
the peak heights were both slightly lower than for C. The resulhairpins N-A and T-N with one 5-NI base in the stem are the
is overall lowerAH,,, values. This is probably because thevalues ofT,, ., andT,, o,in agreement within the experimental
melting behavior of hairpins containing the 5-NI base or basegrrors. For hairpin N-NT,, ¢, is 3.4C lower thanT,, opr FOT
deviates from two-state behavior. Such departure from twohairpins T-N-T and N, T,, o, Values are 2.8 and 3@ higher,
state melting could very well manifest as lower peak heights ofespectively, than the correspondifigg,, values.
differential meltlng curves. In order to evaluate thermo- As mentioned earlier and discussed later, these h@hegl
dynamic parameters without relying on the two-state mode|alues were obtained on DNA samples at concentrations 4—187
assumption, model-independent thermodynamics for the hairpifignes higher than in the optical experiments. The observed
were measured directly by DSC. Results of these experimenkigher T, ., values could reveal the presence of additional
are described next. molecular species such as the bulged duplex or a small amount
of intermolecular association between these molecules at the
higher concentrations at which DSC experiments were run. In
DSC melting experiments provided a model-independenaddition, solvent effects associated with the hydrophobic 5-NI
measurement of transition thermodynamic parameters of tHease or bases could also contribute to observed differences
DNA hairpins containing the 5-NI base or bases. Three typicabetween the values f, ¢, and T, o Although there is no

AC,™ (keal/mol K)

Temperature °C

Melting by differential scanning microcalorimetry



3594 Nucleic Acids Research, 1999, Vol. 27, No. 17

80 80 80
60 - c 60 - N-A 60 - T-N
40 4 40 4 40
20 | 20 4 20 |
04 0 - 04
20 -20 20
-40 40 1 -40
S 80 60 | 60
= s+ o+ . 0 N —
’7E 200 220 240 260 280 300 320 340 200 220 240 260 280 300 320 340 200 220 240 260 280 300 320 340
3
% 80 80 80
&g 60 N-N 60 - T-Ny-T 60 - Ny
40 40 - 40 -
20 4 20 | 20 |
0 0 0
-20 -20 -20 4
-40 + -40 -40
-60 -60 -60

-80 -80 -80

T T T T T T T T T T T T
200 220 240 260 280 300 320 340 200 220 240 260 280 300 320 340

Wavelength (nm)

T T T T ¥ T
200 220 240 260 280 300 320 340

Figure 5. The CD spectra, plots of the ellipticity differenae,_g (per cm/M) versus wavelength (nm) collected at@pfor the six hairpins of Figuifg] 2. The spextr
correspond to the hairpins according to the nomenclature of FEure 2. These spectra are the average of at least five scans normalized fordntarategtiahc

quantitative agreement betwe€g ., and T, o, for all hairpins,  AG, is linearly related tdT,, ¢, Thermodynamic parameters
the same trend is seen in td,, o, values, which are the obtained by fitting the DSC curves to a two-state model (not
differences between thE, -, of the madified hairpins and the shown) were slightly greater (9—-20%) than the DSC values
control. As the right columns of Tahle 1 indicate, the values ofeported in TablEIgZ. No appreciable difference inA&* values

AT, ca @NdAT, o display the sametrends in stability for the before and after the transitions could be detected on the DSC
hairpins, but are not in quantitative agreement in all cases. melting curves collected for the six hairpins of this study.

The thermodynamic parameter8H.y, AS-, and AGg,, Although they are quantitatively different, the DSC and optical
obtained from DSC melting experiments are given in Thble 2data are in qualitative agreement, i.e. both techniques find the
Like the optical values, estimated uncertaintiesdd, and ~ same relative ranking of the thermodynamic parameters for the
AS, are £5%. Uncertainty inG, values is +0.5 kcal/mol. As  5-NI-modified hairpins compared to the control. Most importantly,
found for the optical parameters, Tdble 2 revealsfttyt, and  the DSC measurements confirm that hairpins with 5-NI bases
A, for the modified hairpins are smaller than the controlin the loop region are more stable than the control hairpin with
hairpin. Differences betweefiH, andAS, for the modified a T, loop. The large differences between the optical and DSC
hairpins and the control are summarized in théH.,, and thermodynamic parameters suggests additional features of the
AAS, values in Tablg[3. The magnitudes of the differences arénelting transitions of the hairpins containing a 5-NI base or
greater for the DSC than the optical parameters, but the relativ@ases may contribute to the DSC measurements that are not
order for the hairpins is the same. For modified hairpins with a 5-Ntletected in optical melting experiments.
base or bases in the stefshH -, ranges from 21.6 to 25.1 kcal/mol.

Likewise, for these hairpin8ASis from 68 to 80 cal/mol K. Results from CD measurements

Even though there are fairly large differences between th&he CD spectra, plots dfe g versus wavelength collected at
AHc, andAS., values of the modified hairpins and the control, 10°C for the six hairpins shown in Figure 1, are displayed in
differences in their free energies are relatively smaller andFigure 5. Initial inspection of the CD spectra does not reveal a
AAGe, is ~2.0 kcal/mol for the modified hairpins with the 5-NI great deal of difference between them. All six molecules
bases in their stems. Hairpins containing 5-NI in the stem hadxhibit typical B-like spectra with a positive band at ~275 nm,
AG, values smaller than the control, consistent with the trendrossover from positive to negative ellipticity at ~258 nm and
seen for thel,, o, values. For the hairpins with the 5-NI basesa negative band at ~240 nm (12). The spectra for hairpins N-N
in the loops, which actually had,, -, values higher than the and T-N appear to be the most different from that of C. A more
control, AAH, andAAS, values are smaller than for the hairpins in-depth analysis of the spectra by SVD revealed more clearly
with the 5-NI bases in the stems, but still positive, i.e. boththe existence of subtle differences in the spectra. Analysis by
AH, andAS, for these hairpins are smaller than the control.SVD of the CD spectra collected at 10 and®80for the six
However, theirAAH., and AAS, values combine to make hairpins revealed that their collected spectra can be generated
AAG, values for the hairpins that are less than 0. The DSGrom three subspectra (not shown). At°@0the relative
melting analysis also indicates that the 5-NI bases affect botiveights of the subspectra were 0.93, 0.05 and 0.01. AC80
enthalpic and entropic components of hairpin melting in ahe relative weights were 0.94, 0.04 and 0.02. When combined
compensating manner. As found for the optical experimentsyith their appropriate linear coefficients and added together
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these subspectra produce each measured spectrum to >9%%4irpins and a consistent rank order of their stabilities.
Similarity of the CD spectra for each hairpin containing a 5-NIHowever, as discussed below, the DSC and optical thermo-
base or bases and the control in the duplex@@nd melted dynamic parameterdH, andAH,,; andAS., andAS,, are in
(80°C) states was assessed by the degree of correlatimonsiderable disagreement.
between the three linear coefficients for the subspectra The orders of the transition temperatur@s, and melting
obtained from SVD analysis for each modified hairpin andfree energies of the hairpins obtained by both optical and DSC
those found for the control at these temperatures. Results aggperiments agree exactly af NT-N,-T > C > N-N > N-A >
shown in Table 4, where correlation coefficients yalues)  T-N. Hairpins containing a 5-NI base or bases in the stem of
obtained for each modified hairpin compared to C are summarizethe duplex are destabilized up to 2.0 kcal/mol compared to the
Essentially, this comparison reveals how well the spectra ofontrol hairpin, while hairpins containing two and four 5-NI
each modified hairpin agree with those of the control at the twiases in the loop region are more stable than the control by up
temperatures, e.g. for perfect agreen®@nt 1.0. The order of to 1.0 kcal/mol. The origins of the added stability of the hairpins
the correlation coefficients for the CD spectra collected &C10 having 5-NI bases in the loop is not known, but it seems logical
(where the hairpins are maximally intact) is C (1.0) > N that if conventional Watson—Crick type base pairing between
(0.98) > N-A (0.96) > N (0.95) > T-N (0.90) > N-N (0.85). bases in the loop does not occur, then enhanced stacking inter-
The same analysis of the CD spectra collected &tC80 actions between the 5-NI bases in the loop and hydrophobic
(presumably where the hairpins are melted) yields a slightlynteractions with surrounding solvent could be a source of the
different order for the correlation coefficients, C (1.0) > T-N observed higher stability. Since the 5-NI bases are more hydro-
(0.95) > N, (0.94) = N-A > T-N-T (0.92) > N-N (0.81). Thus, phobic than the natural DNA bases, hydrophobic interactions
this analysis indicates that hairping,N-N, N-T,-N and N-A  between two or more contiguous 5-NI bases in the loop could
in the duplex form at 10C have CD spectra most like that of C. likely increase hairpin stability. The proposition that hydro-
At 80°C the r2 values for hairpins T-N (0.95) and T,N  phobic interactions occur between 5-NI bases was raised by
(0.92) interchange in relative order with respect to C. The CD oakeset al. (1). Self-association of consecutive (up to 21) 5-NI
spectra for hairpin N-N differ the most from the spectra of C atbases in a 64 base DNA template used for base recognition
10 and 80C. If the CD spectrum can be taken to represent &tudies in PCR experiments resulted in the formation of a large
measure of the structural features of the hairpins in the dupleixairpin type structure (1). It would be expected that self-
and melted states, then the above results suggest that, althougsociation of the hydrophobic 5-NI bases would have a
hairpins containing 5-NI adopt structures very similar to thesmaller destabilizing influence than instability from hydro-
control, the 5-NI base or bases in the stem may induce subtlshobic effects when the 5-NI bases are in the duplex and/or
perturbations of the duplex stem structure. The analysis alssingle strands.
suggests that subtle differences may exist in the single strandoyr DSC experiments provide no direct evidence for inter-
states of the 5-NI and control hairpins. This is consistent wittmolecular self-association of the hairpins with 5-NI bases in
our interpretations of the differences between the optical anghe loops. DSC melting experiments were performed at strand
DSC thermodynamic parameters. concentrations up to 187 times higher than in the optical melting
experiments. For modified hairpins containing more than one

Table 4.Correlation coefficientsrf values) obtained 5-NlIbase]Ty, . values are from 3 to°€ higher tharT,, OPtvalueS'

for the modified hairpins containing a 5-NI base or Our data show that hairpins with the 5-NI bases in the loop are
bases compared to the control relatively more stable than hairpins with the 5-NI base or bases
in the stem. This might be evidence for the presence of favorable
Molecule? 10°C 80°C intramolecular interactions between the bases in the loops that
Control 1.00 1.00 result in their increased stability. The increased stability could
NA 0.96 0.04 also arise from favorable intermolecular interactions in self-
' ' associated structures that form at the higher DNA concentrations
T-N 0.90 0.95 at which DSC melting curves were measured. However, as
N-N 0.85 0.81 shown in Figure 4, the DSC melting curves contain a single
TNAT 0.08 0.92 symmet.ric peak wit.h no o_bvious evidence f_or aggregation.
Interestingly, the hairpins with the 5-NI bases in the loop were
N, 0.95 0.94 even more stable than the control hairpin having, &®p and
no 5-NI bases. Melting studies of hairpins with the same
“DNA hairpins depicted in Figuf] 2. duplex stem and Xloops (X = A, T, G or C) showed those
Comparison of these values reveals how well the CD with X = T were the most stable (7,9,13). When single-
spectrum of each modified hairpin agrees with that of . . ™ . .
the control hairpin at the two temperatures. For perfect stranded DNA primers for sequencing were prepared with tails
agreement? = 1.0. of 5-NI added to the 5'-end, only the primers with less than six
5-NI bases were functional. This is probably because the 5-NI
tails can loop back upon themselves and self-pair (15), thus
DISCUSSION providing further evidence for favorable self-association of the

5-NI bases. Since the 5-NI base is approximately the same size
We have performed a full analysis of the melting thermo-as a natural base, the difference in entropy reduction associated
dynamics of DNA hairpins containing a 5-NI base or bases in thavith closing the hairpins with 5-NI bases in the loop versus a
stem and loop regions. Both optical and DSC melting experimentg, loop is probably not substantial enough to account for the
provided evaluations of the transition thermodynamics of thebserved increase in stability.
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The CD spectra provide a different means of comparing théeisplay the observed deviationé. priori it would not be
different hairpins. For the six hairpins the CD spectra are vergxpected that such small hairpins would deviate significantly
similar, typical of right-handed B-DNA. Analysis by SVD of from two-state melting or at most deviate only slightly (as
the CD spectra collected at 10 and®80 at which the strands observed for the control hairpin). However, this is not consistent
reside in the fully duplex hairpin and denatured single-strandedith the observed DSC parameters.
form, respectively, reveals that the 5-NI bases have spectral One plausible explanation for the observed relatively smaller
features slightly different from the control in both the hairpin values ofAH, andAS, versusAH,,, andAS,, in Tablg 2 and
and denatured single-stranded states. This is especially evidahe relatively larger values &AH, andAAS, versusAAH,
in the spectra for hairpin N-N, in which the 5-NI bases areandAAS,, in Tablg 3 is suggested by the hydrophobic nature of
forced to be in relatively close contact. For this molecule, theahe 5-NI base. It is possible that due to this greater hydro-
CD spectra of both the duplex and single-stranded states diff@hobicity, exposure to aqueous environments results in
the most from the control. If these spectral differences can bsignificant solvent effects that perhaps include ordering of
taken to be indicative of structural features, then these resulsolvent water around the 5-NI base or bases. Such solvent
suggest that subtle differences exist between the structures effects have been commonly invoked to explain thermo-
the modified hairpins with 5-NI in the stems and the controldynamic responses to the introduction of organic molecules
hairpin. In contrast, the similarity between the CD spectra ofnto polar aqueous environments (15). If such solvent effects
the hairpins with the 5-NI bases in the loop region and thedccur to a greater extent around the 5-NI bases in the melted
control suggests that if the 5-NI bases disrupt duplex and/aingle strand than in ordinary (unmodified) single strands, such
single-stranded structure of these molecules the disruption &s the melted control hairpin, then they might be expected to
not substantial enough to significantly affect the CD spectramake an exothermic contribution with a positive enthalpy
suggesting that if structural differences exist between thehange and reduced entropy due to solvent ordering. If such
duplex and single-stranded states, they are very subtle. The Gidlvent effects did not measurably perturb or otherwise disrupt
spectroscopic data support the interpretations of the optical arfzhse pair stacking, then they might not be detected in optical
DSC melting data. melting experiments. They could also manifest in the evaluated

Further comparison of the values of the optical and DSGhermodynamics by introducing configurational constraints of
parameters in Tab@ 2 for all hairpins, including the controlthe duplex and melted hairpin states. The net result of these
shows thaf\H, > AH, ., AS, > AS, andAG,g3 0> AGyg3 i SOlvent effects would be an overall increase (less negative
In the case of the control hairpifiH, is 13% higher than values) ofAH., andAS., measured by DSC.

AH,,. This difference is slightly outside the limits of the
collective experimental error (~7%) involved in determination
of the optical and DSC parameters. The optical and DS('E“EFERE'\ICES

entropy values for the contrahS,,, andAS.,, are within 8% of 1. Loakes,D., Hill,F., Brown,D.M. and Salisbury,S.A. (1997Mol. Biol,
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control hairpin is not strictly two-state. As Ta

(1985)J. Biol. Chem,. 260, 2605-2608.

parameters strongly suggest that the melting @ocess of the. Papageorgiou,C. and Tamm,C. (198/@)v. Chim. Acta70, 138-141.

reveals, for the modified hairpins containing a

even greater. For these molecules the DSC paramAtég

andAS., are only 47-67% of their two-state optical values, 8.

AH,, andAS,,. Likewise, the DSC free energiesi,g; o5 are
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-NI base or
bases, differences between optical and DSC parameters ar:
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