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ABSTRACT: We have evaluated the thermodynamic contribution of thymine loops and nicks to the overall 
stability of double-helical DNA by investigating (1) the melting behavior of two unligated DNA dumbbells 
and their corresponding core duplexes and (2) the association of netropsin to the central core of four A-T 
base pairs of these molecules. Temperature-dependent UV absorption and differential scanning calorimetry 
techniques have been used to characterize the helix-coil transitions of all four deoxyoligonucleotide duplexes. 
In 10 mM Napi  buffer at  pH 7.0, all transitions were monophasic. The dumbbells melt with transition 
temperatures, T,, independent of strand concentration, while each duplex melts with transition temperature 
dependence on strand concentration, characteristic of mono- and bimolecular processes, respectively. The 
Tm's for the dumbbells correspond to those of single hairpins containing only four base pairs in the stem. 
We obtain dT,/d log [Na'] values of 10.9-12.5 OC for these molecules, which correspond to similar 
counterion releases and suggest helical structures with similar charge densities and helical strandedness. 
Standard thermodynamics profiles at  5 OC reveal that the favorable free energy of forming these ordered 
structures results from the partial compensation of favorable enthalpies with unfavorable entropies. The 
stabilization of the dumbbells relative to the core duplexes is enthalpic, due to extra stacking of the nearest 
loop thymines on the G.C base pairs at  both ends of the stem. The association of netropsin was used to 
thermodynamically probe the integrity of the base-pair stacking at  the nick point in the center of the 
dumbbell molecules, GAT TAC/GTAATC and CAT TAG/CTAATG, by direct comparison with the 
similar sequences of the core duplexes without the nicks, GATTAC/GTAATC and CATTAG/CTAATG. 
In 10 mM NaPi buffer at  pH 7.0, netropsin binds to the central core of A.T base pairs of these four sequences 
with similar binding affinities of - los and similar thermodynamic profiles: AGob = -10.8 kcal-mol-', m o b  
= -10.6 kcal-mol-', and T u o b  = +0.2 kcal-mol-', with binding enthalpies independent of salt concentration. 
Therefore, all four sequences constitute similar binding sites for netropsin. However, we obtained d In Kb/d 
In [Na+] values of -1 .O for the dumbbells and -1.1 for the duplexes, consistent with the lower charge density 
of these helical structures. The difference of 0.1 is attributed to the absence of a phosphate group at  the 
nick point. In the dumbbells, the presence of the loops creates additional sites for netropsin, formed by 
two G*C pairs at  each end of duplex and the constrained loop groups (forming additional stacked base pairs 
in a double helical geometry), with binding affinities of - lo5 and M o b  of -5.1 kcal-mol-'. Both parameters 
are dependent on salt concentration. Our combined results show that the presence of a nick in the center 
of the dumbbells is not affecting the overall stacking of the T*T/AA base pair a t  the center of the dumbbells 
but interrupts the cooperative melting of the whole molecule. 

Hairpin structures are a common feature of RNA molecules 
(Uhlenbeck, 1987; Chastain & Tinoco, 1991; Hans & Pardi, 
1991;Varani & Tinoco; 1991; Draper, 1992). Their presence 
in DNA molecules has been postulated to exist in regions of 
DNA containing palindromic sequences, which have been 
implicated to be involved in gene regulation (Maniatis et al., 
1975; Muller & Fitch, 1982; Rosenberg & Court, 1979; Wells 
et al., 1980). Our current understanding of the structures 
and stability of DNA and RNA has been enhanced by 
thermodynamic investigations of the helix+oil transitions of 
model compounds such as those of oligonucleotides of known 
sequence (Gralla & Crothers, 1973; Uhlenbeck et al., 1973, 
Breslauer et al., 1986; Freieretal., 1986;Doktyczet al., 1992). 
In particular, single-stranded hairpin molecules are favorable 
for these thermodynamic studies because they form stable 
partially paired duplexes that tend to melt in monomolecular 
transitions. The structure and overall physical properties of 
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synthetic DNA fragments forming single-stranded hairpin 
molecules have been reported earlier (Marky et al., 1983a; 
Summers et al., 1985; Wemmer et al., 1985; Haasnoot et al., 
1986; Hare & Reid, 1986; Ikuta et al., 1986; Gupta et al., 
1987; Chattopadayaya et al., 1988; Garcia et al., 1988; Wolk 
et al., 1988; Williamson & Boxer, 1989 a,b; Garcia et al., 
1990; Paner et al., 1990; Rentzeperis et al., 1991), as have the 
effects of sequence and loop size on hairpin stability (Am- 
aratunga et al., 1989; Benight et al., 1989; Erie et al., 1987; 
Hilbers et al., 1985; Senior et al., 1988; Wemmer & Benight, 
1985; Xodo et al., 1986, 1988 a,b; Amaratunga et al., 1992; 
Antao & Tinoco, 1992). More recently, Benight'sgroup have 
used a set of ligated dumbbells to calculate the relative 
contributions of each DNA base pair stacking interaction, 
which can be used to predict the overall stability of a DNA 
molecule from its sequence (Doktycz et al., 1992). 

In designing new drugs that recognize specific DNA 
sequences, it is important to have thermodynamic information 
on the DNA-ligand interactions as well as information on the 
structure of the complexes. Netropsin belongs to the class of 
minor groove ligands that show strong sequence specificity 
(Luck et al., 1974; Wartell et al., 1974; Zimmer, 1975). The 
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concentration was determined in water using C296,2SOC = 21 500 
M-km-l. All other chemicals were reagent grade. The buffer 
solutions consisted of 10 mM NaPi, pH 7.0, 0.1 mM Na2- 
EDTA, adjusted to the desired ionic strength with NaC1. Stock 
solutions of the oligomers were prepared by dissolving directly 
dry and desalted oligomers in the appropriate buffer. 

Methods 

Temperature-Dependent UV Spectroscopy. Absorbance 
versus temperature profiles (melting curves) in appropriate 
solution conditions were measured at 260 nm with a ther- 
moelectrically controlled Perkin-Elmer 552 spectrophotom- 
eter, interfaced to a PC-XT computer for acquisition and 
analysis of experimental data. The temperature was scanned 
at a heating rate of 1 .O OC/min. From these melting curves, 
the transition temperature, T m ,  and van7 Hoff enthalpy, A H v ~  
were obtained using standard procedures reported elsewhere 
(Marky & Breslauer, 1987; Rentzeperis et al., 1991: Zieba 
et al., 1991). These melting curves were carried out as a 
function of total strand concentration and for salt dependence 
studies at  a constant strand concentration of 6 pM in buffer 
with an overall NaCl concentration of 0-100 mM. The slopes 
of the plots of Tm vs log [Na+] are proportional to the 
thermodynamic release of counterions, & I N a + .  The relevant 
equation is (Record et al., 1978) 

dt,/d In [Na’] = 0.9(RTm2/AHo,a~)An~a+ (1) 
where the value of 0.9 is a factor of converting mean ionic 
activities to concentrations; the term in parentheses is measured 
directly in differential scanning calorimetric experiments; and 
R is the gas constant equal to 1.987 cal*K-l.mol-l. The AnNa+ 
values are normalized per phosphate by taking into account 
the appropriate number of phosphates in the helical state of 
these molecules, Le., neglecting the loop phosphates. 

Calorimetry. Excess heat capacity as a function of 
temperature (DSC melts) for each oligomer was measured 
with a Microcal MC-2 differential scanning calorimeter 
(Northampton, MA). This technique allows us to obtain 
standard thermodynamic profiles (W, hSo,AGo) and model- 
dependent enthalpies, A H o V ~ ,  of the helix-coil transition of 
oligonucleotides as described earlier (Marky & Breslauer, 
1987). 

The heats for the interaction of netropsin with each oligomer 
duplex were measured directly by titration calorimetry using 
the Omega calorimeter from Microcal Inc. Netropsin 
solutions were used to titrate the oligonucleotide duplex with 
a 100-pL syringe. Complete mixing was effected by stirring 
of the syringe paddle at 400 rpm. The concentration of ligand 
in the syringe was generally 25 or 50 times higher than any 
of the oligomer solutions in the reaction cell. The reference 
cellof thecalorimeter was filled with water, and theinstrument 
was calibrated by means of a known standard electrical pulse. 
Typically, 12-28 injections of 5 or 6 pL each were performed 
in a single titration. The area under the resulting peak 
following each injection is proportional to the heat of 
interaction, Q. When corrected for the titrant dilution heat 
and normalized by the concentration of added titrant, Q is 
equal to the binding enthalpy, w b .  The precision on the 
heat of each injection is less than 0.5 pcal. Analysis of the 
calorimetric binding isotherm, as described in a latter section, 
allows us to obtain, in addition to the binding enthalpy, binding 
affinities and the overall stoichiometry of the complexes. 

Circular Dichroism (CD). The CD spectrum of each 
netropsin-DNA complex at several [netropsin] / [duplex] ratios 
was obtained on an Aviv-60DS spectropolarimeter equipped 

C-C-A-T-T-A-G-G G-G-A-T-T-A-C-C . . . . . . . . . . . . . . . . 
G-G-T-A-A-T-C-C C-C-T-A-A-T-G-G 

DUPLEX 1 DUPLEX 2 

DUMBBELL 1 DUMBBELL 2 
FIGURE 1 : Sequences of deoxyoligonucleotides. 

molecular basis for the formation of netropsin-DNA com- 
plexes has been under intensive investigation by a variety of 
techniques (Patel & Canuel, 1977; Bermanet al., 1979; Patel, 
1979, 1982; Marky et al., 1983b, 1985; Kopka et al., 1985; 
Dervan, 1986; Marky, 1986; Zimmer & Wanhert, 1986; 
Marky & Breslauer, 1987; Bresslauer et al., 1988; Ward et 
al., 1988; Coll et al., 1989; Marky & Kupke, 1989). This 
ligand binds in the minor groove of double-helical B-DNA. 
The strong specificity for A*T base pairs is attributed to both 
the specific formation of hydrogen bonds between the amide 
protons of netropsin with the atomic groups N3 of adenine 
and 0 2  of thymine of the nucleotide edges facing the floor of 
this groove (Kopka et al., 1985; Coll et al., 1989) and van der 
Waals contacts between the methyl and pyrrole groups of 
netropsin and the sugar-phosphate backbone of DNA resulting 
from its tight fit in the minor groove. However, the specific 
contributions of sequence and conformational effects to the 
overall stability of the complex have yet to be completed. 

Previously, we have reported that the overall physical 
properties of an unligated dumbbell molecule corresponded 
to the sum of its component single hairpins with the exeption 
of an increase in cooperativity that resulted from the ionic 
coupling of the two hairpin domains (Rentzeperis et al., 1991). 
In an attempt to evaluate the relative contribution of loops 
and nicks to the melting behavior of an unligated DNA 
dumbbell and their response to ligand binding, we report here 
on the thermodynamics of the helix<oil transition of two 
dumbbell molecules and their corresponding core duplexes 
(Figure 1) as well as on the interaction of these molecules 
with the minor groove ligand netropsin. 

EXPERIMENTAL PROCEDURES 

Materials 

All four oligonucleotides (Figure 1) were synthesized on an 
AB1 380-B automated synthesizer, using standard phosphor- 
amidite chemistry (Caruthers et al., 1982), purified by HPLC, 
and desalted on a Sephadex G-10 exclusion chromatography 
column. Extinction coefficient of the oligomers in single 
strands were calculated at 25 OC using the tabulated values 
of the dimers and monomer bases (Cantor et. al., 1979) and 
estimated at high temperatures by extrapolation of the 
absorbance vs temperature curves of the single strands to 25 
OC. The concentrations of the oligomers were determined in 
water using the following extinction coefficients in single 
strands at 260 nm and 95 OC (in mM-km-’): 78.9 for 
d(GGATTACC); 79.5 for d(GGTAATCC); 79.4 for d(C- 
CATTAGG); 77.6 for d(CCTAATGG); 216 for d(TACCT4- 
GGTAATCCT4GGAT); and 226 for d(TAGGT4- 
CCTAATGGT4CCAT). Netropsin hydrochloride from Serva 
Biochemicals was used without further purification; its 
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with a Hewlett Packard thermoelectrically controlled cell 
holder. These spectra allowed us to define qualitatively the 
global conformational state asssumed by each oligomer duplex 
and to verify the formation of single bound species by the 
presence of isoelliptic points in the overlay of the spectra as 
a function of the ligand/DNA molar ratios. The stoichiometry 
of the netropsin-DNA complexes was obtained by following 
the induced Cotton effect of the bound ligand at 310 nm as 
a function of the netropsin/DNA molar ratio. 

Determination of Ligand Association Constants. Netropsin 
association constants, Kb, were measured using two different 
methods: (1) from the increase in thermal stability of the 
saturated ligand-DNA complexes relative to the free oligomer 
duplexes, and (2) from analysis of the calorimetric binding 
isotherms. 

In the first method, the thermal stabilization of the 
netropsin-DNA complex, AT,, relative to free duplex follows 
the equation (Crothers, 1971) 

ATm = (To,TmNR/LWo,,,) In (1 + Ka,) (2) 
where To, and T ,  are the transition temperatures of the free 
and fully saturated duplexes, respectively; WWl, the dis- 
sociation enthalpy of 5 base pairs (4 base-pair stacks) that 
constitute one binding site, is estimated from the nearest- 
neighbor enthalpies (Breslauer et al., 1986); aL, the activity 
of the free ligand, is assumed equal to half of the total 
concentration of netropsin at T,; N ,  the apparent number of 
binding sites per oligomer duplex, is equal to one in all cases. 
Ligand binding affinities are extrapolated to 5 "C by the van't 
Hoff equation: 

(3) d hl Kb/d( 1 / T )  = -M"b/R  
where m o b  is assumed to be independent of temperature 
(Marky et al., 1985). 

The second method is based on the binding of a ligand to 
oligomers containing one binding site (for the core duplexes) 
or two independent binding sites, the central A-T base pairs 
of the stem and the thymine loops (for the dumbbells), 
respectively. Each type of site is characterized by an 
equilibrium constant, Kb, binding enthalpy, M o b ,  and 
apparent number of ligands per binding site, n. The calori- 
metric binding isotherm is just the dependence of the total 
heat, QT, on the total concentration of ligand added,XTot. The 
above three parameters for each type of site are determined 
from the resulting calorimetric binding isotherm iteractively 
using the Marquardt algorithms as has been described 
previously (Wiseman et al., 1989). To facilitate the fitting 
procedures, two data files with different oligomer concentration 
were analyzed simultaneously. The initial fitting procedure, 
which is part of the software of the calorimeter provided by 
Microcal Inc., is to let all three parameters float or to fix 
either the enthalpy or n parameters or both until the lowest 
standard deviation of the fit is obtained; all approaches resulted 
in similar overall parameters. Comparison of the Kb values 
obtained from both methods are in excellent agreement. 

RESULTS 

Rentzeperis et al. 

Helix-Coil Transition of Deoxyoligonucleotides 

W-Melting Curves. The helix-coil transition of the ordered 
structures formed by the two dumbbells and the corresponding 
core duplexes were characterized initially by UV-melting 
curves. The transition temperatures and the corresponding 
van7 Hoff enthalpies for all four oligomers are listed in Table 
I. The melting of all four molecules occurs in monophasic 

Table I: Spectroscopic and Calorimetric Melting Results" 
uv calorimetry 

oligomer 
N o v n  W " H  W,,I 

T ,  ("C) (kcalmol-I) T, ("C) (kcal.mo1-I) (kcalmol-1) 
duplex 1 16.5 52 (50) 30.7 54 54.2 
dumbbell 1 35.4 29 36.2 32 63.1 

dumbbell2 44.7 33 45.0 36 61.2 
duplex2 13.9 54 (52) 27.9 53 54.9 

a In 10 mM NaPi buffer, 0.1 mM NaZEDTA at pH 7.0. All Tm's are 
within f0.5 "C; A H o , ~  are within *7% of absolute values; and W,,I 
are within *3% of absolute values. The Tm values correspond to strand 
concentrations of 10 pM for the optical melts and 210 pM (in duplex) 
and 220 pM (dumbbells) for the DSC melts. The A H o v ~  values in 
parentheses were obtained from plots of the concentration dependence 
of the T,. 
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In( Cd4) 
FIGURE 2: (a, b) Normalized melting curves of duplexes (60 pM in 
strand concentration) anddumbbells (30 MM in strandconcentration) 
in 10 mM Napi buffer, 0.1 mM Na2EDTA, at pH 7.  (c) Dependence 
of T,,, on strand concentration. Symbols: duplex 1 (a), dumbbell 
1 (m), duplex 2 (A), and dumbbell 2(A). 

transitions (see Figure 2a,b). The dumbbells melt with Tm's 
19 "C and 31 "C higher than the Tm'S of the corresponding 
duplexes in each set. All four molecules show broad transitions 
with van't Hoff transition enthalpies of 51 kcal*mol-l for the 
duplexes and 3 1 kcal-mol-' for the dumbbells. In these optical 
melts, a 10-fold increase in oligomer concentration has no 
effect on the T ,  of the dumbbell molecules. This is consistent 
with the unimolecular melting of single-stranded hairpins (see 
Figure 2c). On the other hand, the Tm of each duplex increases 
with increasing strand concentration, a result characteristic 
of the melting of bimolecular complexes. 

Calorimetry and Nature of the Transitions. Typical excess 
heat capacity versus temperature profiles are presented in 
Figure 3. The T,, MoW1 and A H o , ~  values obtained from 
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FIGURE 3: Typical excess molar heat capacity curves relative to 
buffer consisting of 10 mM Nap, buffer, 0.1 mM Na2EDTA at pH 
7. Symbols: duplex 1 (O) ,  dumbbell 1 (m), duplex 2 (A), and 
dumbbell 2 (A). At strand concentrations of 420 pM and 220 pM 
for the duplexes and dumbbells, respectively. 

-2.0 -1.7 -1.4 -1 .1 -0.8 
log [Na+] 

FIGURE 4: Dependence of T ,  on salt concentration for oligonucle- 
otides in 10 mM Nap, buffer, 0.1 mM Na2EDTA at pH 7 adjusted 
to thedesired NaCl concentration. Symbols: duplex 1 (O) ,  dumbbell 
1 (m), duplex 2 (A), and dumbbell 2 (A). 

these curves are listed in Table I. Figure 3 shows DSC melts 
that are all monophasic with no changes in heat capacities 
within initial and final states. For the dumbbells, in spite of 
the 70-fold increase in strand concentration relative to the 
concentration used in optical melts, the T, remains the same. 
The average AHocal of 54.2 kcal-mol-' for duplex 1 and 54.9 
kcal-mol-' for duplex 2, determined in 0.1 M NaCl, are in 
good agreement with the enthalpies of 59 and 58 kcal.mo1-' 
estimated from nearest-neighbor parameters in 1 M NaCl 
(Breslauer et al., 1986), respectively. The dumbbells have 
AHocal values that are 8.9 and 6.3 kcalsmol-' higher than the 
corresponding duplex of each set. These enthalpic differences 
can be explained in terms of base-stacking contributions of 
the loop thymines at both ends of the duplexes and the presence 
of a small percentage of frayed G C  ends in the duplexes. 
Comparison of the model-dependent AHov~'s  calculated from 
calorimetric or optical experiments and AHOcal values for a 
given molecule allows us to draw conclusions about the nature 
of the transitions (Marky & Breslauer, 1987). In low salt 
buffer solution, we obtained A H o v H I A H o c a l  ratios of 1 and 
0.97 for the duplexes and 0.51 and 0.59 for each dumbbell, 
respectively; the A H o v ~  values correspond to the melting of 
one cooperative unit size. Therefore, the duplexes melt in 
two-state transitions and the dumbbells melt in apparent non- 
two-state transitions. In the monophasic transitions of the 
dumbbells, this corresponds roughly to the melting of half of 
each molecule. Their unusual A H o v H / A H o c a l  values suggest 
the coupled melting of both halves of these molecules. 

Salt Dependence of Tm and Overall Counterion Release. 
Figure 4 shows plots of T, versus log [Na+]. We obtained 
values ranging from 10.9 to 12.5 for the slopes of such plots 
(see Table 11). This weak dependence on salt concentration 
is characteristic of ion release that occurs in oligomeric 
duplexes (Erie et al., 1987; Rentzeperis et al., 1991; Zieba et 
al., 1991). For the calculation of A m a +  per phosphate, we 
have taken into account just the helical phosphates: 13 

Table 11: Thermodynamic Profiles for the Formation of Duplexes' 

dtm/ h n ~ r +  

duplex 1 4 . 6  -54.2 -49.6 10.9 0.1 1 

duplex 2 -4.2 -54.9 -50.7 11.8 0.12 

AGO AH0 T h s o  d log [Na+] (mol of 
oligomer (kcal/mol) (kcal/mol) (kcal/mol) (K) Na+/P,) 

dumbbell 1 -6.4 -63.1 -56.7 11.0 0.14 

dumbbell 2 -7.7 -61.2 -53.5 12.5 0.14 
In 10 mM sodium phosphate buffer, 0.1 mM EDTA at pH 7.0 and 

5 'C. AGO values are within S%, AHo are within 3%, and T A S O  are 
within 8%. The slopes of the t ,  vs log [Na+] plots were obtained by 
least-squares analysis with at least 99% confidence level. The values of 
AnNa+ are S O % .  

phosphate groups for the dumbbells and 14 for the duplexes. 
The resulting h N a +  values are included in Table 11. The 
higher Ama+ values of the dumbbells suggest that the loop 
phosphates behave electrostatically as partially helical. Most 
likely, the phosphate groups located at the ends of the core 
duplexes are participating in the melting of these molecules; 
i.e., the dumbbells melt electrostatically as decamers as has 
been reported previously for oligomers of this length (Zieba 
et al., 1991). 

Thermodynamic Profiles at 5 O C. For suitable comparisons, 
Table I1 lists standard thermodynamic profiles (AGO, AHo, 
and T U o )  for the formation of each molecule at 5 OC, a 
temperature at which all molecules are fully ordered. The 
ASo and AGO are calculated directly from DSC experiments 
with the following equations: ASo = J (ACp/T)  dTand AGO 
= AH'cal - 278.15 ASo; in the Gibbs equation, both the 
enthalpy and entropy are assumed independent of temperature, 
Le., AC, = 0. For all four molecules, the AGO values 
determined in this way follows the equation: AGO = W c a I  
(1 - 278.15/Tm) closely, which is rigorously true for the 
monomolecular unfolding of the dumbbells. As expected, both 
duplexes exhibit similar thermodynamic profiles (see Table 
11). At concentrations used in the DSC experiments, we 
obtained favorable AGO terms ranging from -4.2 to -7.7 
kcal-mol-' that resulted from a partial compensation of 
favorable enthalpies with unfavorable entropies. In the two 
sets of molecules, the stabilization of the dumbbells by -1.8 
and -3.5 kcal-mol-', relative to the corresponding duplexes, 
is enthalpic in origin and is accompanied by slightly higher 
differential counterion uptake. 

Binding of Netropsin to Deoxyoligonucleotides 

Stoichiometry of Complexes. The addition of netropsin to 
an oligomer duplex solution results in changes of the overall 
CD spectrum. In particular, we note the presence of an extra 
band at -310 nm that corresponds to the induced Cotton 
effect of the bound ligand (see Figure sa). We have used this 
wavelength to follow the binding of netropsin to each oligomer. 
The resulting titrations are shown in Figure 5b,c. From this 
optical observable, we obtained 1 : 1 complex stoichiometries 
of the ligand with all four oligomers, as seen in the breaks of 
these curves, and which correspond to the strong binding of 
netropsin to the central core of A-T base pairs of the duplexes 
and dumbbells. However, as will be discussed in the 
calorimetry section, the terminal GC base pairs and the 
adjacent loop at each end of the dumbbell molecules can 
accommodate more ligands. These additional weaker binding 
sites can be seen by comparing the slopes of the lines of the 
upper portions of the CD titrations. The octameric duplexes 
show lines with negative slopes while the dumbbells show flat 
upper lines. This small change is in agreement with the much 
lower magnitude of both the induced Cotton effect and Kb 
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FIGURE 5: (a) Typical spectra of netropsin4umbbell 1 complexes 
at  several increasing concentration of netropsin. (b, c) Circular 
dichroism titrations curves in 10 mM NaPi buffer, 0.1 mM Na2- 
EDTA, 0.1 M NaCl at pH 7. Symbols: duplex 1 (O) ,  dumbbell 1 
(a), duplex 2 (A), and dumbbell 2 (A). Conditions: 2.7 mL of 
oligomer solution in 1-cm quartz cell at strand concentration of 15 
pM (duplexes) and 7.5 WM (dumbbells) titrated with 10-pL aliquots 
of 0.5 mM solution of netropsin. 

values for netropsin binding to G C  base pairs (Luck et al., 
1974). 

Netropsin Binding Affinities. Table I11 lists the specific 
parameters used to calculate K b  from UV-melting curves and 
the resulting binding affinities at two different salt concen- 
trations. In low salt, we obtained similar Kb values of - lo8 
for all four molecules, which are consistent with the high 
specificity of netropsin for the central core of four A.T base 
pairs. With a 10-fold increase in the NaCl concentration, 
these Kb's decreased to - lo7. The similarity of these binding 
affinities for all four molecules strongly indicates that the 
sequences of the binding sites that are contained in the duplexes 
(GATTAC/GTAATC and CATTAG/ CTAATG), and in 
the unligated dumbbells with nicks (GAT "ACIGTAATC 
and CAT TAG/CTAATG) constitute identical binding sites. 
Thus, netropsin recognizes the A.T base pairs at the nick 
point as normal helical base pairs, that is with similar base- 
stacking interactions and local helical parameters. One 
difference in the binding of netropsin to these two types of 
helical conformations is their response to salt concentration. 
The values of the slopes of In K b  vs In [Na+] are similar and 
equal to 1.1 for the duplexes and 1 .O for the dumbbells (see 
Figure 6a,b); these values are consistent with the lower charge 

16 y" 415 -3.5 -2.5 -115 

16 ' I 
-4.5 -3.5 -2 .5 -1.5 

In [Na+] 

FIGURE 6: Salt dependence of netropsin binding affinities with 
oligomers in 10 mM NaPi buffer, 0.1 mM NazEDTA at pH 7 and 
5 OC, and adjusted to the desired NaCl concentration. Panel a: 
duplex 1 (0) anddumbbell 1 (a). Panel b: duplex 2 (A) anddumbbell 
2 (A). 
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FIGURE 7: Fitted calorimetric binding isotherms curves in 10 mM 
NaPi buffer, 0.1 mM Na2EDTA, 0.1 M NaCl at  pH 7 and 5 OC. 
Conditions: duplex 1 (a), dumbbell 1 (b), duplex 2 (c) and dumbbell 
2 (d); 1.4 mL of oligomer solution at  strand concentration of 40 pM 
(duplexes) and 20 pM (dumbbells) titrated with 5-pL aliquots of a 
1 mM solution of netropsin. 

density of all four duplexes. The small difference of 0.1 may 
be explained in terms of the absence of a phosphate group at 
the nick point of the dumbbells. 

Titration Calorimetry. The resulting integral heat as a 
function of total added ligand for all netropsin-digomer 
systems is shown in Figure 7. Molar binding enthalpies for 
the high affinity sites were calculated by averaging the heats 
of the first few points of these isotherms (or from the fits of 
these calorimetric titrations) which correspond to complete 
binding of ligand. These values, obtained at  two different 
salt concentrations, are listed under the A H b  columns in Table 
IV. Inspection of this column shows that binding of netropsin 
to all four molecules is accompanied with an exothermic 
enthalpy of -10.3 kcal.mo1-l to -10.9 kcal-mol-' that is 
independent of salt concentration, sequence, and oligomer 
conformation. Furthermore, the analysis of the calorimetric 
binding isotherms at the high salt concentration resulted in 
binding affinities that were in good agreement with the ones 
obtained from optical melts; at the lower salt concentration, 
we were unable to fit all four molecules because the K b  values 
of - lo8 are above the limit of analysis of this method. In 
addition, in these calorimetric titrations we were able to 
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Table 111: Binding Affinities for Netropsin Binding to Oligomer Duplexes" 

oligomer (K) TM (K) N (bp) AHo,,~ (kcal-mol-I) A f P b  (kcalemol-I) Kb (M-l) 
duplex 1 290.2 

(299.5) 
dumbbell 1 308.7 

(319.3) 
duplex 2 287.0 

(301.0) 
dumbbell 2 317.4 

(327.4) 

311.6 1 
(310.5) (1) 
324.1 1 
(326.5) (1) 
316.7 1 
(318.5) (1) 
335.5 1 
(335.2) (1) 

-31.5 
(-31.5) 
-31.5 
(-3 1.5) 
-30.2 
(-30.2) 
-30.2 
(-30.2) 

-10.6 
(-10.8) 
-10.6 
(-10.4) 
-10.8 
(-10.9) 
-10.4 
(-10.3) 

2.6 (f1.4) X lo8 
2.8 (f1.3) X lo8 

3.6 (12.0) X lo8 
2.9 (f1.4) X lo8 

(2.6 (ki.1) x 107) 

(4.2 (kz.2) x 107) 

(4.2 (h2.0) x 107) 

(4.2 (kz.2) x 107) 
Values were taken in 10 mM sodium phosphate buffer, 0.1 mM NazEDTA, at pH = 7.0 and 5 "C (values in parentheses are with additional 0.1 

M NaCI). Transition temperatures are within f0.5 "C and 10% for N. 

Table IV: Fitting Analvsis of Calorimetric Binding Isotherms 
~~~ ~ 

strong site weak site 

n (mol of ligand/ AHo b n (mol of ligand/ AHo b 
oligomer mol of DNA) (kcal-mol-I) Kb mol of DNA) (kcal-mol-I) Kb (M-l) u 0%) 

duplex 1 

dumbbell 1 1.1 

duplex 2 

dumbbell 2 1.1 

(1.08) 

(0.9) 

(1.0) 

(1.1) 

-10.6 
(-10.8) (1.1 x 107) (4.2) 
-10.6 >1.0 x 108 3.8 -4.7 3.6 x 105 6.9 
(-10.4) (1.7 x 107) (3.9) (-3.4) (5.8 X lo4) (7.2) 

(-10.9) (1.3 x 107) (6.3) 
-10.4 >1.0 x 108 3.8 -5.5 1.1 x 105 8.0 

-10.8 

(-10.3) (2.2 x 107) (3.9) (-3.4) (1.3 x 104) (8.0) 
Values taken in 10 mM sodium phosphate buffer, 0.1 mM NazEDTA, at pH = 7.0 and 5 OC. Values in parentheses are with the inclusion of 0.1 

M NaC1. u is the standard deviation of the nonlinear fits. 

Table V: Thermodvnamic Profiles for Netrousin Binding to Oligomers' 
~ 

AGob AHo b T u o b  
d In Kb/d In [Na+l oligomer site (kcabmol-I) (kcal-mol-I) (kcal.mol-I) 

duplex 1 strong -10.7 -10.6 +o. 1 -1.1 

dumbbell 1 strong -10.7 -10.6 +o. 1 -1 .o 

weak -7.1 -4.7 +2.4 -0.96 

(-9.4) (-10.8) (-1.4) 

(-9.7) (-10.4) (-0.7) 

(-6.1) (-3.4) (+2.7) 
duplex 2 strong -10.9 -10.8 +o. 1 -1.1 

dumbbell 2 strong -10.8 -10.4 +0.4 -1.0 

weak -6.4 -5.5 +0.9 -1.16 

(-9.7) (-10.9) (-1 2)  

(-9.7) (-10.3) (-0.6) 

(-5.2) (-3.4) (+1.8) 
Values were taken in 10 mM sodium phosphate buffer, 0.1 mM Na2EDTA at pH = 7.0 and 5 "C. Values in parentheses were with inclusion of 

0.1 M NaC1. The AG0b values are within 5%, M o b  are within f3%, T m o b  are within f8%, and d In Kb/d In [Na+] are within k6%. These values 
were obtained from calorimetric titration experiments at two salt concentrations. 

detect secondary weaker sites for netropsin in the dumbbells 
(see Table IV). These sites are located at each end of the 
dumbbells and are composed either of two G.C pairs in the 
stem and the adjacent thymine loops or of just the constrained 
thymines of the loops. The interesting observation is that 
each of these sites is able to accommodate two ligand molecules. 
In low salt buffer, these sites are characterized with Kb's of 
-105 and exothermic AHGs of -4.7 kcal.mo1-' to -5.5 
kcal.mol-I, and increase in salt concentration reduces the Kb's 
to - lo4 and AHb'S to -3.4 kcal-mol-l. 

Thermodynamic Profiles for Netropsin Binding. Values 
for the thermodynamic profiles for the binding sites of netropsin 
to each of the four oligomer duplexes at  5 OC in two different 
salt concentrations are listed in Table V. In this table, we 
have tabulated standard thermodynamic profiles, AG'b, AHb, 
T u o b ,  and d In Kb/ d In [Na+]. The AGob were derived 
from the values of Kb according to AG0b = -RT In Kb. The 
entropy changes, TASOb, were then calculated from the Gibbs 
equation. For the strong binding sites located at the center 
of the molecules, we obtained AGob of -10.8 kcal.mo1-l. These 

values decreased to -9.6 kcalnmol-I with a 1 0-fold increase in 
NaCl concentration. In all cases these AGob terms correspond 
to binding processes that are primarily enthalpically driven. 
However, the decrease in the AGob is entropically driven when 
there is an increase in salt concentration and thus corresponds 
to a less favorable entropy term, A(TAS0b) of -1.5 kcal-mol-', 
consistent with processes driven by electrostatic effects 
(Manning, 1978; Record et al., 1978). For the secondary 
sites of the dumbbells, we obtained an average AGob of -6.8 
kcal.mo1-l decreasing to -5.7 kcalamol-l with a 1 0-fold increase 
in theNaClconcentrationand AHOb)svaluesof-5.1 kcalamol-l 
and -3.4 kcal-mol-' for the low and high salt conditions, 
respectively. This decrease in AGob with an increase in salt 
concentration is enthalpically driven, AAHOb = 1.7 kcal-mol-', 
and is due to the increase in hydrophobic interactions between 
two netropsin molecules in the same binding site. 

DISCUSSION 
Formation of Intramolecular Dumbbells and Intermo- 

lecular Duplexes. The sequences of the dumbbells were 
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designed in such a way to favor the exclusive formation of 
intramolecular duplexes. The formation of intermolecular 
duplexes would involve four G C  base pairs interspaced by 
three internal loops of 8 bases each, which would render them 
unstable. The Tm's for the helix+oil transition of dumbbells 
remain constant despite the 50-100-fold increase in strand 
concentration: 5 pM to 150 pM (UV and DSC melts). This 
confirms the formation of unimolecular complexes at low 
temperatures. On theother hand, the non-self-complementary 
duplexes show characteristic bimolecular shifts to higher 
temperatures with increasing strand concentration. Further- 
more, the higher Tm's of the dumbbells relative to duplexes, 
together with the similarity of the transition enthalpies and 
counterion release of all molecules, provide strong evidence 
of the exclusive formation of intramolecular dumbbells. 

Thermodynamic Contribution of the Thymine Loops. The 
presence of the thymine loops in the dumbbells increases the 
thermal stability of these molecules. This increase in thermal 
stability, relative to the core duplex, depends on the concen- 
tration of the octameric duplexes (see Figure 2c) and on the 
sequence of the duplex-loop interface (5'-G-T-3' and 5'-C- 
T-3'). Therefore, we explain this differential stability in terms 
of two contributions: an entropic contribution due to differ- 
ences in the nucleation parameters (monomolecular vs bi- 
molecular) and an enthalpic contribution due to formation of 
additional base-stacking interactions between the thymines 
in the loop and/or the thymines with the G C  base pairs at 
the ends of the duplexes. For instance, at the concentrations 
used in the calorimetric experiments, the stabilization of each 
dumbell relative to its counterpart duplex corresponds to AAGO 
= -1.8 kcal*mol-l, AAH" = -8.9 kcal.mol-', and A(TA5") = 
-7.1 kcalsmol-I for dumbbell 1; and AAGO = -3.5 kcal-mol-', 
A M o  = -6.3 kcal-mol-', and A( TASO) = -2.8 kcal.mo1-I for 
dumbbell 2. The higher stability of the dumbbells at DSC 
concentrations, 5.5 OC-17.1 OC, is primarily enthalpically 
driven and corresponds in this case to increased stacking 
interactions of the constrained thymines in the loops and/or 
between the loop thymines and the G-C base pairs at both 
ends of the stem (Hare & Reid, 1986; Hilbers et al., 1991; 
Gupta et al., 1987). These enthalpy contributions correspond 
to -4.5 kcal-mol-' per loop for the 5'-G-T4-C-3' loop and -3.1 
kcalemol-I per loop for the 5'-C-T4-G-3' loop. At optical 
concentrations of 10 pM (in strands) the differential stability 
of the dumbbells increases to 18.9 OC and 30.8 OC in each set. 
The additional stability of -13.6 OC reflects the more 
favorable entropic contribution of nucleating an intramolecular 
dumbbell relative to the bimolecular nucleation of a duplex 
and corresponds to a AAGO of approximately -2.6 kcal. 

Thermodynamic Contribution of Nicks. We obtained 
similar thermodynamic profiles for the binding of netropsin 
to the central core of four A*T base pairs of the duplexes with 
nicks and without nicks. This ligand is recognizing both 
sequences in an equal way with a smaller electrostatic 
component for the dumbbells. This can be seen from their 
lower decreases in Kb with increased salt concentration. This 
suggests that the stacking interactions and base-pair alignment 
of the TAT/AA base-pair stack (with the nick at the center) 
is very similar to the TT/AA base-pair stack of a regular 
helical segment. Therefore, the presence of the loops does not 
influence the local helical structure at the center of the 
dumbbells, in agreement with previous NMR investigations 
of a dumbbell containing a CAG/GC nick (Snowden-Ifft & 
Wemmer, 1990). Our finding is in disagreement with previous 
results of a dumbbell with a stem sequence of GGAA "TCC 
which could not be successfully ligated presumably due to the 
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misalignment of the bases at the nick point (Erie et al., 1987). 
However, Ashley and Kushlan were able to synthesize a closed 
molecule with identical sequence that folded into a dumbbell 
(Ashley & Kushlan, 1991). What is surprising in themelting 
of the dumbbells reported in this paper is the low values of 
M H V ~  (optical and calorimetric). These values correspond to 
the melting of only half of each molecule. Thus, the dumbbells 
respond to an increase in temperature by the cooperative 
unfolding of the two halves of each molecule. The presence 
of the nick is exactly at the center of each dumbbell allows 
this cooperative behavior; each half contains exactly the same 
sequence, and the shapes of their melting profiles are 
symmetric. This effect is different to one reported earlier in 
which the whole molecule melted in a two-state transition 
(Erie et al., 1987, 1989); the contrast in behavior may be due 
to sequence differences; i.e., the AA/TT base-pair stack is 
more stable than the AT/TA base-pair stack. Furthermore, 
the thermal stability of the dumbbells corresponds roughly to 
that of hairpins containing four base pairs in the stem 
(Rentzeperis et al., 1991; Antao et al., 1991) and allows us 
to postulate that the presence of a nick in a double-helical 
molecule will disrupt the cooperative communication between 
DNA helical segments at opposite sides of the nick with the 
overall lowering of the thermal stability of the molecule. 

The Inclusion of Loops Creates Additional Netropsin 
Binding Sites. The presence of the loops provides additional 
weaker sites for netropsin in both dumbbells as detected in the 
fitting of the calorimetric binding curves. Their thermody- 
namic parameters are similar to those of netropsin binding to 
GC sequences (Marky & Breslauer, 1987) and probably 
correspond to the nonspecific binding of netropsin. Our 
thermodynamic studies cannot predict the actual structure of 
these weaker sites. These sites could contain the two G C  
base pairs at each end of the duplex plus the adjacent two 
thymines of the loops forming a local duplex structure of nearly 
three base pairs. Alternatively, the constrained thymines of 
the loops could form these sites as reported earlier with 
ethidium and propidium (Marky, 1990). However, we 
obtained an average value of -1 .O mol of Na+/mol of ligand 
for the slopes of In Kbvs In [Na+] plots for these sites, indicating 
that they have double-helical structure. In addition, these 
secondary sites are able to accommodate two netropsin 
molecules, in a way similar to the side-by-side binding of 
distamycin A to A.T base pairs reported previously (Pelton 
& Wemmer, 1989, 1990). The structures of these complexes 
are currently under study using NMR techniques. 

CONCLUSIONS 

We have thermodynamically characterized the helix+oil 
transition of two dumbbells and the corresponding core 
duplexes and their interaction with the minor groove ligand 
netropsin. Our standard thermodynamic parameters of 
formation for these molecules indicate that the overall increase 
in the stability of the dumbbells relative to the core duplexes 
is the result of differences in their nucleation entropies and 
favorable stacking interactions of the loop thymines, as seen 
by the increase of both the exothermicity of the enthalpy and 
overall charge density. However, the transition free energy 
values of the dumbbells correspond to those of single hairpins 
containing only four base pairs in the stem. An effect due to 
the inclusion of a nick in the center of the dumbbells, which 
is not affecting the overall stacking of the TAT/AA base pair 
at the center, is that it interrupts the cooperative melting of 
the whole molecule. The increased response of the dumbbells 
(relative to duplexes) to salt and the additional association of 
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netropsin molecules to the ends of the dumbbells strongly 
suggest that the loop thymines are constrained, forming 
additional stacked base pairs in a double-helical geometry. 
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