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Abstract: Parallel-stranded DNA is a novel double-stranded, helical form of DNA. Its secondary structure is established 
by reuerse Watson-Crick base pairing between the bases of the complementary strands, forming two equivalent grooves. A 
combination of differential scanning calorimetry and temperature-dependent UV spectroscopy techniques have been employed 
to characterize the stability, conformational flexibility, and counterion binding of two sets of 25-mer deoxyoligonucleotide 
duplexes containing either exclusively dA.dT base pairs or substitutions with four dG.dC base pairs. These form either 
parallel-stranded (ps-DleD2 and ps-DSsD6) or antiparallel-stranded (aps-DI.D3 and aps-DSsD7) duplexes. All four duplexes 
show two-state transition behavior with similar values for the thermodynamic release of counterions, indicating that the charge 
densities are similar. The parallel duplexes melt with both lower T,  values (by 17 and 34 OC, f0.7 "C) and lower transition 
enthalpies (34 and 5 1 kcal-mol-', 1 3  kcal mol-') than the corresponding antiparallel reference duplexes. These unfavorable 
differential free energy terms are enthalpically driven, reflecting a reduction in base-stacking interactions and in hydrogen 
bonding for the case of the duplexes containing d G d C  base pairs. Substitution of four dA.dT base pairs of the ps-DIsD2 
duplex for four dG.dC base pairs to create the ps-D5.D6 duplex results in a destabilization of 11.9 OC that is entropically 
driven. The same substitution in the aps duplexes results in a stabilization of 4.9 O C  that is enthalpically driven. 

Introduction 
A recent addition to the well-known families of D N A  con- 

formations' is that  of parallel-stranded DNA ( ~ S - D N A ) . ~ - ~  In 
this novel structure the complementary strands are in a parallel 
orientation, held together by reverse Watson-Crick base pairs, 
forming a double helix with two equivalent grooves4 (for a review, 
see ref 5 ) .  W e  report the first calorimetric investigation of the 
helix-coil transition of two parallel 25-mer duplexes (Figure l ) ,  
which have been characterized previously by optical means.2-8 
Using a combination of differential scanning calorimetry and 
temperature-dependent UV spectroscopy techniques, we charac- 
terized the thermodynamic nature of the molecular forces, con- 
formational flexibility, and interaction with counterions. The  
favorable free energy change resulting from the formation of a 
duplex in the parallel orientation is due to the partial compensation 
of a favorable enthalpy and an unfavorable entropy. The  de- 
stabilization of the parallel duplexes relative to  the antiparallel 
duplexes of identical sequences is enthalpic in origin, reflecting 
a reduction in base-stacking interactions and in hydrogen bonding 
for the case of the dG.dC base pairs.' All duplexes melt in 
two-state transitions with similar values for the thermodynamic 
release of counterions, indicating similar charge density param- 
e t e r ~ . ~  
Experimental Section 

Materials. The six oligomeric strands (Figure 1) used in this study 
were synthesized using standard phosphoramidite chemistryI0 on an 
Applied Biosystems Model 391 PCR-Mate automated synthesizer. Pu- 
rification was by HPLC anionic-exchange chromatography with a Du 
Pont Zorbax Bio column followed by desalting with a Sephadex G-10 
exclusion chromatography column. The concentration of each oligomer 
in solution was determined spectrophotometrically at 260 nm and 80 "C 
in H20,  using the following extinction coefficients in pM-'.cm-': D1, c 
= 0.282; D2, c = 0.250; D3, c = 0.250; D5, t = 0.283; D6, c = 0.245; 
and D7, t = 0.240. These extinction coefficients" were obtained by 
extrapolation to high temperatures of the calculated extinctions at 25 "C 
using the melting curves of the single strands in H20.  The buffer solution 
consisted of 10 mM sodium cacodylate and 0.1 mM Na,EDTA, at pH 
7.0, adjusted to the desired ionic strength with NaCI. 

High-Sensitivity Differential Scanning Calorimetry (DSC). Heat ca- 
pacity vs temperature profiles were obtained with a Microcal MC-2 
differential scanning calorimeter. The instrument was calibrated with 
a standard electrical pulse. Typically an oligomer solution with a con- 
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centration of -150 pM (in strands) vs buffer was scanned from 10 to 
80 OC at a heating rate of 45 OC/h. The sample scan was corrected by 
subtracting a buffer vs buffer scan and normalized by the heating rate. 
The area under the curve, divided by the number of moles, is equal to 
the transition enthalpy (AHa,). These enthalpies correspond to the total 
molar heat uptake for the transition of a duplex in a particular confor- 
mation at low temperatures to single strands at high temperatures. Shape 
analysis of these curves yielded the two-state enthalpies (AHvH). Direct 
comparison of AHVH with AHH,, allows us to predict the nature of the 
transition. In addition, transition entropies and free energies were ob- 
tained directly from integration of the AC,,/T vs Tcurves and the Gibbs 
equation, respectively. 

Temperature-Dependent UV Spectroscopy. Absorbance vs tempera- 
ture profiles (melting curves) for the oligomeric duplexes as a function 
of strand concentration and salt concentrations were measured at 260 nm 
with a thermoelectrically controlled Perkin-Elmer 552 spectrophotometer 
interfaced to a PC-XT computer for acquisition and analysis of experi- 
mental data. The temperature was scanned at a heating rate of 1 "C/ 
min. These melting curves allow us to measure the transition tempera- 
tures, T,,,, which are the midpoints of the order-disoider transition of 
these oligomers, as well as the relevant thermodynamic parameters. 
Transition enthalpies were calculated from shape analysis of the curves 
and from the T,-concentration dependence curves using standard pro- 
cedures reported elsewhere12J3 and correspond to a two-state approxi- 
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Table I. Thermodynamic Parameters of Duplex Formation at 5 OC 
calorimetry" UV spectroscopyb 

duolex (OC) (kcalmol-I) (kcalmol-') (kcalmol-') (kcalmol-') ("C) (kcalmol-') (kcal-mol-') (mol of Na+/mol of Pi) 
T, ~ O V H  AHo,, AGO TASO Tm AHOshaps AnNa+ 

ps-DlaD2 37.0 -121 -1 17 -13 -104 32.2 (29.0) -128 (-110) -132 0.137 
aps-DleD3 54.1 -150 -151 -24 -127 50.0 (46.4) -152 (-160) -167 0.118 
ps-D5*D6 25.1 -113 -1 16 -10 -106 19.9 (15.7) -103 (-89) -120 0.106 
aps-DSsD7 59.0 -177 -167 -28 -139 56.7 (52.9) -145 (-136) -186 0.135 
"The calorimetric T, values at the strand concentration of the DSC experiments (see Figure 2), AHvH from the shape of the DSC curves, and 

AHo,, from the area of the DSC curves. The AHo,, values are within +3% and the AHVH values are within +lo% experimental error. ASo was 
calculated by integrating AC,/T vs T curves from DSC, and AGO was calculated from the Gibbs equation at 5 OC. The TASO values are within 5% 
experimental error. bSpectroscopic transition enthalpies were obtained as follows: AHoshaW from the shape of UV melting curves and AH,, from the 
plot of l/Tm vs In (C,/4). The van't Hoff enthalpies are within f10% experimental error. The given T,,, values correspond to a strand concentration 
of 2 pM. The values in parentheses are taken from refs 4, 7, and 8. 

D 1 : 5'-AAAAAAAAAATAAT T T TAAATATT TE' 
PS-Dl .D2 ~ ~ 0 0 , 0 ~ E O O ~ D ~ 0 0 ~ ~ ~ " ~ ~ ~ ~ ~ ~  

5'-TTTTTTTTTTATTAAAATTTATAAA-3 * 

DI : 5'-AAAAAAAAAATAATTTTAAATATTT~~' 
aps-D1 .D3 ......................... 

3'-TTTTTTTTTTATTAAAATTTATAAA-5' 
I 

D 

D5 5'-AAAAAGAAAGTAGT T T TAAGTATT T-3' 
pS-D5,D6 0 ~ ~ 0 0 1 0 ~ 0 0 ~ 0 ^ E O ~ ~ e ~ - O O D O O  

5'-TTTTTCTTTCATCAAAATTCATAAA-3' 

* 
D5: 5'-AAAAAGAAAGTAGTTTTAAGTATTT-3' 

aps-DS.D7 ......................... 
3-TTTTTCTTTCATCAMATTCATAAA-5' 

:D2 

:D3 

:D6 

: D7 

Figure 1. Sequences of synthetic oligonucleotides and their duplexes. 
The Watson-Crick base pairs of the antiparallel-stranded duplexes are 
denoted by the closed symbols, and the reverse WatsonCrick base pairs 
of the parallel-stranded duplexes are denoted by the open symbols. 
Nomenclature as in refs 4, 7, and 8. 

mation of the helix-coil transition of each molecule. The release of 
counterions per mole of DNA duplex, Ah$.,,+, that accompanies the 
helix-coil transition of each oligomer duplex was calculated using the 
following e q ~ a t i o n : ~  

dTm/d log [Na+] = -0.9(2.303RT,2/AH0,,l)AnN,+ (1) 

The values of the slopes, dT,/d log [Na+], are obtained from plots of 
the T, vs log [Na+] at constant total strand concentration; the negative 
sign is to indicate a release of counterions; the value of 0.9 is a correction 
factor that corresponds to converting mean ionic activities to concen- 
trations; R is the gas constant in cal/(Kmol); and AHo,, (in cal/mol 
of duplex) is the standard duplex dissociation enthalpy, which is measured 
directly with differential scanning calorimetry. The counterion release 
obtained in this way corresponds to the thermodynamic ion release of the 
melting of one cooperative unit;9 in two-state transitions this cooperative 
unit is equal to the dissociation of the entire duplex. These AnNa+ values 
in moles of sodium ions released per duplex can be normalized per 
phosphate by taking into account the total number of phosphates in the 
strands. 

Results and Discussion 
calorimetric Transitions of Duplexes. We measured excess heat 

capacities as a function of temperature for all four duplexes 
(Figure 2). These curves show the presence of single transitions 
for all four duplexes. Integration of the area under these curves 
allows for the calculation of model-independent enthalpies, AHd.13 

The enthalpies for the disruption of each duplex were endo- 
thermic with no differences in heat capacities. The values are  
in excellent agreement with the van't Hoff enthalpies obtained 
from shape analysisI3 of the heat capacity curves (Table I). The 
AHvH/AHcal ratios are in the range 0.97-1.06, indicating that all 
duplexes melt in an all-or-none fashion with no intermediates.13 

Our calorimetric enthalpies for the antiparallel duplexes are  
56 kcal-mol-' (aps-DleD3) and 25 kcalemol-l (aps-DSeD7) lower 

25 I 

-5 ' 
5 15 25 3 5  45 5 5  6 5  75 

Temperature, "C 
Figure 2. Differential scanning calorimetry curves for each oligomer 
duplex in 10 mM sodium cacodylate buffer containing 0.1 mM Na2ED- 
TA and 0.1 M NaCl at pH 7 and indicated total strand concentration: 
ps-DlaD2, 145 pM (A); aps-Dl-D3,162 pM (A); ps-D5-D6,150 pM (O), 
and aps-DS~D7, 135 pM (M). 

than the enthalpy values predicted according to their nearest- 
neighbor composition.14 The formation of partially paired in- 
termolecular and intramolecular duplexes can be ruled out because 
the melting curves of the single strands (data not shown) displayed 
only a small percentage of single-strand stacking that completely 
disappeared a t  room temperature. Our determinations were 
performed in 0.1 M NaCl, as  opposed to the 1 M NaCl  used to 
estimate the nearest-neighbor parameters.14 However, we found 
that the transition enthalpy was independent of salt concentration. 
That  is, in 1 M NaCl we obtained AHH,, = -149 kcalemol-I and 
AHvH = -144 kcal-mol-' for aps-DlsD3, compared to the values 
of -151 and -1 50 kcal.mol-l, respectively, in 0.1 M NaCl (Table 
I). The observed difference from the predicted AHH,, value could 
have other reasons: (1) The duplexes may have frayed ends, a 
phenomenon that is known to occur with terminal A.T base 
pairs.I2J5J6 In the calorimetric melting curve any fraying base 
pairs in the initial state will not contribute to the overall transition 
heats and thus will reduce the observed enthalpies. If one assumes 
that the extent of fraying in these duplexes is up to three AA/TT 
base pairs (or two base-pair stacks) at  each end,15J6 then this could 
amount to a reduction of -36 kcal.mol-I/duplex. (2) Both du- 
plexes (particularly aps-DlsD3) contain runs of adenine that may 
adopt a conformation different from the standard B-DNA form 
and possibly have a lowered transition enthalpy. (3) Deviations 
from a 1:l mixing ratio of strands would also lead to an apparent 
lower enthalpy; e.g., if one of the strands had been a t  a 10% higher 
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Figure 3. Absorbance vs temperature profiles (melting curves) for each 
oligomer duplex. (a) Dependence of the transition temperature on strand 
concentration in 10 m M  sodium cacodylate buffer containing 0.1 mM 
Na,EDTA and 0.1 M NaCl at pH 7.0. The symbols for each duplex are 
ps-DlsD2 (A), aps-DlqD3 (A), ps-DSeD6 ( O ) ,  and aps-DSaD7 (m). (b) 
Salt dependence of the transition temperature for the dissociation of each 
duplex; symbols as in panel a. 

concentration, the measured enthalpy would have been reduced 
by 5%. 

To confirm the two-state melting behavior of these duplexes, 
we monitored the temperature dependence of the UV absorbance 
as a second experimental observable for the measurement of 
model-dependent transition enthalpies. Such determinations have 
been reported previously for the same m o l e c ~ l e s . ~ - ~  From shape 
analysis of these curves, we can extract both the T ,  and the 
transition enthalpy, Mshape.13 The slopes of ( l / T m )  vs (In CT/4) 
plots (Figure 3a) provide a more accurate spectroscopic deter- 

mination of MVH.l3 The resulting model-dependent enthalpies 
are  also given in Table I and are  in good agreement with the 
calorimetric enthalpies, confirming the two-state melting behavior 
of all duplexes. 

From the point of view of statistical mechanical theory of 
thermal transitions, the two-state melting behavior of the duplexes 
studied here is surprising." That is, a finite contribution of partly 
unpaired intermediates would be expected. Unfortunately, direct 
comparison with literature data  cannot be made because calor- 
imetric studies of oligonucleotides as  a function of chain length 
or with lengths comparable to the duplexes of this work have not 
been performed; the longest reported linear D N A  duplexes with 
a two-state melting behavior are  d(GCGAATTCGC)2, d(GAA- 
GATCTTC)2,  and d(ATATATATAT),.I4 

Standard Thermodynamic Profdes. The overall destabilization 
of 17 OC and 34 OC of the ps duplexes relative to the aps duplexes 
with identical sequences corresponds to AAGO values of 11 and 
18 kcalemol-' for the two pairs of duplexes (see Table I) .  The 
nature of this destabilization is purely enthalpic and probably 
corresponds to the loss of favorable hydrogen-bonding and 
base-stacking interactions as  well as to changes in the degree of 
hydration. Furthermore, the substitution of four d A d T  base pairs 
of ps-DlsD2 for four dG-dC base pairs in the ps-D5.D6 duplex 
results in a destabilization of 11.9 OC, which is entropically driven. 
The same type of substitution in the aps duplexes results in a 
stabilization of 4.9 OC, which is enthalpically driven. 

Counterion Bimling to Parallel-Stranded DNA. Figure 3b shows 
the effect of counterions on the helix-coil transition in these 
duplexes. These curves indicate the shift of the h e l i x a i l  equilibria 
toward the helical state with increasing salt concentration. The 
slopes of these lines range from 16.9 to 21.8 O C  and correspond, 
according to eq 1, to AnNa+ values ranging from 0.1 1-0.14 mol 
of Na+/mol  of phosphate. Since the single strands are similar 
in sequence, we conclude as  in previous s t ~ d i e s ~ - ~  that the ps 
duplexes and aps duplexes have similar charge densities. 
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Abstract: The observed rates of enzyme-catalyzed abstraction of a proton from a carbon adjacent to a carbonyl/carboxylic 
acid group (a-proton of a carbon acid) require that the pKa of the a-proton be decreased such that it is equal to (*2-3 pKa 
units) or less than that of the protonated active site basic catalyst. This can be accomplished by concerted general acid-general 
base catalysis: Gerlt, J. A.; Kozarich, J. W.; Kenyon, G. L.; Gassman, P. G. J .  Am. Chem. SOC. 1991, 113, 9667. Analysis 
of various enzyme-catalyzed @-elimination reactions using this principle leads to the prediction that these reactions are likely 
to proceed via stepwise mechanisms which involve initial concerted general acid-general base catalyzed formation of an enol 
intermediate followed by elimination of the @-substituent. The second step is a vinylogous E2 reaction (1,Celimination). Thus, 
these enzymes are not expected to catalyze "simple" Elcb reactions as has often been proposed. The involvement of concerted 
general acid-general base catalysis in reducing the pKas of carbon acids may provide insight into the observed stereochemical 
caurses of certain enzyme-catalyzed @-elimination reactions. 

Introduction 
The rapid rates of enzyme-catalyzed abstraction of a proton 

from a carbon adjacent to a carbonyl/carboxylic acid group ( a -  

proton of a carbon acid) have long been puzzling, given the large 
difference between the pKas of the substrate carbon acid in solution 
and the active site base:l in solution, the pK,s values of the 
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