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ABSTRACT: Five highly palindromic DNA dodecamers, four of which may form G-A or I-A purine-purine 
mispairs a t  either the 5,8 or 6,7 positions, have been studied a t  sedimentation equilibrium in the analytical 
ultracentrifuge. Each D N A  oligonucleotide forms an equilibrium mixture of ordered antiparallel hairpin 
and double-stranded helical structures in solutions of 0.1 or 0.5 M NaCl between 5 and 40 OC. The dimeric 
duplex is favored by conditions of high salt and low temperature. The monomerdimer equilibrium constants 
vary from 5 X lo6 to 5 X lo3  and are unique for each D N A  dodecamer. Analysis of the temperature 
dependence of the equilibrium constants shows that the double helix to hairpin conversion is driven by a 
positive entropy change and is associated with an endothermic enthalpy change. The mispair substitutions 
a t  the 5,8 positions and the IA(6,7) mispair have the greatest tendency toward hairpin formation and exhibit 
significantly larger entropy changes than the nonmispaired dGGTACGCGTACC parent sequence and the 
thermodynamically similar GA(6,7) DNA. The consequences of such hairpin-louble helix equilibria must 
be considered in the interpretation of other kinds of experiments carried out on oligonucleotides a t  different 
concentrations. 

I n  recent years the production of DNA oligomers of defined 
nucleotide sequence has become commonplace due to advances 
in the methods of chemical synthesis and the availability of 
automated machines for the preparation of such molecules. 
The exact sequences of binding sites for biologically relevant 
proteins such as repressors and restriction endonucleases may 
be readily reproduced, and the effect of variation of sequence 
upon these and other interactions such as drug binding may 
be examined. Recent X-ray studies of crystals and two-di- 
mensional nuclear magnetic resonance of oligonucleotides in 
solution have revealed a wide variety of structures that indicate 
considerable backbone flexibility and local sequence-dependent 
variation in DNA structure. Many of the properties of oli- 
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gonucleotides such as their conformation, their mechanism of 
melting, and their interactions with ionic components in so- 
lution are highly chain-length dependent since oligonucleotides 
occupy the chain-length-sensitive transition region between 
small molecules and infinitely long-chain polyelectrolytes. It 
is clear that, on account of both their importance and their 
complexity, oligonucleotides should be examined from as many 
points of view as possible. 

A spectroscopic and calorimetric study of five highly pal- 
indromic DNA dodecamers, four of which were designed with 
the potential of forming purine-purine mispairs in a duplex 
helical structure (F. B. Howard, C.-q. Chen, P. D. Ross, and 
H. T. Miles, manuscript in preparation) has recently been 
carried out. Based upon the conventional assumption of a 
two-state process, completely unreasonable values were derived 
for the thermodynamic parameters associated with the ther- 
mally induced melting transition. Since it has been known 
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for over twenty years (Scheffler et al., 1968) that DNA oli- 
gonucleotides are capable of forming ordered helical hairpin 
structures in solution, we decided to examine these dodecamers 
in the analytical ultracentrifuge. This paper illustrates the 
capabilities of equilibrium ultracentrifugation in describing 
the nature and composition of these DNA dodecamers in 
solution and the thermodynamic parameters characterizing 
their associative equilibria. 

EXPERIMENTAL PROCEDURES 
Materials 

The DNA oligonucleotides used in this study were syn- 
thesized manually by Dr. c.-q. Chen using the cyanoethyl 
phosphoramidite method and were purified by DEAE-cellulose 
chromatography as described elsewhere (Howard et al., 1991). 
Purity was established by the observation of the appearance 
of a single band upon electrophoresis in 8 M urea on a 20% 
acrylamide gel. The parent Watson-Crick oligomer had the 
sequence 5'-GGTACGCGTACC-3' and was designated WC. 
The other oligomers, designated by abbreviation according to 
their mispairs (in parentheses), had the sequences 

(6,7)), GGTAAGCITACC (AI(5,8)), and GGTA- 
AGCGTACC (AG(5,8)). The DNA concentrations were 
determined with use of ultraviolet extinction coefficients 
(Howard et al., 1991) based upon phosphorus analysis (Mu- 
raoka et al., 1980). The oligonucleotide solutions used in the 
ultracentrifugation had an optical density at 280 nm of ap- 
proximately 0.1 and 0.2 and were prepared in either 0.1 or 
0.5 M NaCl containing 0.01 M sodium cacodylate buffer at 
pH 7.0. 

Analytical Uitracentrifugation 
Analytical ultracentrifugation was performed with use of 

a Beckman Model E analytical ultracentrifuge equipped with 
a scanning absorption optical system. Data were acquired from 
the scanner output with use of a Metrabyte DAS-8 12-bit 
analog to digital converter in a IO-MHz AST Premium/286 
computer. The rapid scan rate was used and 90000 data points 
were acquired in the 18 s required to scan from the outer 
reference hole to the inner reference hole of the counterbalance. 
Each recorded point was the average of 100 acquired points; 
the actual data density was 42.5 points/" of radial distance 
in the cell. Rapid data acquisition minimized the effects of 
rotor precession; individual scans were reproducible within the 
noise of the system (approximately 0.004 OD units at 280 nm). 
The inner and outer reference points and the region of interest 
were selected in the editing of the scan with the acquisition 
software, and the data were saved in the form of millivolts as 
a function of radial position. 

At the time of analysis, the data were converted to the form 
of optical density at 280 nm as a function of radial position 
with use of a conversion factor obtained by calibration with 
solutions of cytidine monophosphate in 0.01 M HC1 + 0.10 
M NaCI. The low molecular weight of the cytidine mono- 
phosphate and immediate data collection precluded any sig- 
nificant solute redistribution. A linear response of millivolts 
output as a function of optical density at 280 nm was obtained 
over the range of 0-1 .O optical density units at the rotor speeds 
used in these experiments. The monochromator slit width was 
set at 0.4 mm in order to reduce stray light since 280 nm, the 
wavelength at which most of the experiments were performed, 
is away from the maximum in the absorption spectrum. This 
was the smallest monochromator slit width that could be used 
without significant degradation in the signal to noise ratio for 
the photomultiplier slit width set at 0.10 mm. Further de- 
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creasing the monochromator slit width would have required 
increasing the photomultiplier slit width with a corresponding 
loss of spatial resolution in the radial direction. The identical 
results obtained at 265 nm, described in Results, support the 
validity of this approach. 

With one exception, run at 36000 rpm, all experiments were 
run at a rotor speed of 30 000 rpm and with loading concen- 
trations of approximately 0.1 and 0.2 OD units at 280 nm for 
each oligonucleotide. It has been demonstrated that the si- 
multaneous fitting of data from experiments involving more 
than one rotor speed or more than one cell loaded with dif- 
ferent concentrations or both, requiring the simultaneously fit 
models to have equilibrium constants as global fitting param- 
eters and cell reference concentrations and base-line error 
terms as local fitting parameters, represents the most stringent 
criterion possible for establishing the validity of what appears 
to be a reversibly associating system (Roarke, 1975). The time 
required for reequilibration following speed changes signifi- 
cantly increases the time required for the experiment. When 
the values of the equilibrium constants are determined as a 
function of temperature, the time required for the complete 
experiment is approximately halved if a single rotor speed and 
more than one initial loading concentration of the desired 
solution are used. Two different initial loading concentrations 
proved sufficient for the solutions examined here. 

All of the experiments were performed with use of a six-hole 
rotor with five cells and a counterbalance. Quartz windows 
and carbon-filled epoxy double-sector centerpieces with a 
12-mm optical path length were used in the cells. The solution 
column lengths were approximately 7 mm. Two concentrations 
each of two oligonucleotides and one concentration of a third 
oligonucleotide were run in each experiment. The tempera- 
ture-dependence series of experiments was begun at a tem- 
perature of 5 "C. Since the concentration gradients appeared 
to be invariant after 24 h of centrifugation, the final scans at 
this temperature were taken after 40-48 h. The temperature 
was then increased by 5 OC, and scans were taken after ap- 
proximately 24 h, which was a more than sufficient period of 
time for reequilibration since only small perturbations in the 
gradients were introduced by the 5 OC temperature change. 
The temperature was sequentially raised, and scans were taken 
until deposition of oil vapor on optical surfaces within the 
vacuum chamber created sufficient noise in the data that the 
experiment had to be terminated. Terminal temperatures 
varied from 30 to 40 OC. 

RESULTS 
Following data acquisition, further data manipulation was 

performed with use of software written specifically for that 
purpose and data analysis was performed with use of PC 
MLAB operating on the data acquisition computer. The ease 
of examining the suitability of different fitting models and the 
ability to fit more than one data set simultaneously and to 
generate appropriate weights for fitting each data set make 
this program well suited for the analysis of ultracentrifugal 
data. A value of 1 X lod was selected as the convergence limit 
for terminating iteration during fitting after finding that 
smaller values did not result in any difference in the parameter 
values obtained. A minimum value of the root mean square 
(rms) error, the absence of systematic deviation in a plot of 
the distribution of the residuals about the fitting line, and the 
requirement that all parameter values be physically meaningful 
were the criteria used in selecting the most appropriate model 
when fitting the data. 

The WC oligomer was first centrifuged at 20 OC in 0.1 M 
NaCl, and the resultant data was analyzed as a single-com- 
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ponent system. The molecular weight obtained from this 
analysis lay between the expected value of 3888 for monomer 
and 7776 for dimer; this and the fact that the distribution of 
the residuals from the fitting was poor and showed systematic 
deviations strongly indicated that we were observing a mixture 
of monomers and higher polymers with the possibility that this 
was a reversible equilibrium. Similar results yielding molecular 
weights intermediate between those of monomer and dimer 
were obtained with all of the other oligomers with the one- 
component model. The data was then fit with the model for 
a reversible monomer-dimer equilibrium 

c, = Cb.1 exp(AMl(r2 - a)) + 

where c, is the total concentration at the radial position r in 
the cell, cb,l is the concentration of monomer at the radial 
position of the cell bottom, M I  is the molecular weight of Na 
monomer (3888), k l z  is the equilibrium constant for dimer 
formation based on the observed optical density concentration 
scale ( k 1 2  = c2/cI2), and t is a small base-line error correction 
term. The term A is given by 

k12CiJ exp(2AM1(r2 - rill + (1) 

A = (dp/dc),w2/2RT (2) 
where apldc is the increment of density with concentration 
at constant chemical potential of solvent components and has 
the values of 0.472 and 0.446 for 0.1 and 0.5 M NaC1, re- 
spectively, at 25 OC (Eisenberg, 1990), o is the rotor angular 
velocity, R is the gas constant (8.314 X lo7 ergs deg-' mol-'), 
and Tis  the absolute temperature. Since the values of A and 
M ,  were known, only kI2, cb,l and e were fitting parameters. 
The quality of fit obtained with this model was quite good. 
Additionally, measuring at a wavelength of 265 nm, near the 
absorption maximum, gave k 1 2  values identical with those 
obtained at 280 nm where the absorption spectrum was steeper. 
The wavelength of 280 nm was used because this analytical 
ultracentrifuge gave an rms error of 0.004 OD units for a 
uniform initial distribution with an OD of 0.2 at that wave- 
length while double that rms error as well as approximately 
double the initial OD were observed at 265 nm. 

When all of the oligonucleotides were examined at 10 and 
20 OC and at 30000 and 36000 rpm, it was found that for 
each oligonucleotide at a given temperature the value of the 
dimerization constant, kI2, obtained by the simultaneous fitting 
of data from two rotor speeds was identical with the value 
obtained in other experiments from the simultaneous fitting 
of two initial loading concentrations at a single rotor speed 
at that temperature. These results demonstrate the equivalence 
of multiple rotor speed and multiple loading concentration 
experiments and establish that these monomer-dimer reactions 
are reversible. Thermal reversibility was also established; Le., 
the values of k I 2  were independent of the order of the tem- 
peratures at which the measurements were made. 

We next examined the possibility of thermodynamic non- 
ideality and attempted fitting with a model that was a mod- 
ification of eq 1, defining = M / (  1 - Bc), which expresses 
the nonideality in terms of a single virial coefficient, B. We 
uniformly obtained zero values for B as a fitting parameter, 
thus indicating that no apparent nonideality was observed. 
Attempts made to fit with models involving higher aggregates 
in the presence and absence of dimer resulted in a worsening 
of the fit in every case. 

Having demonstrated reversibility, the absence of virial 
coefficient effects, and poorer fits by assuming the presence 
of higher aggregates, we adopted an ideal reversible mono- 
mer-dimer association as the most appropriate model for 
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describing the behavior of these oligonucleotides. 
Since the values of A and M1 were known, a simple 

transformation of the independent variable that introduces no 
error by distorting the weighting of the points enabled us to 
enhance the rate of computation 4-fold. Defining a function, 
~ ( 4 ,  as 

u(r) = exp(AMl(r2 - 4)) 

c, = cb,Ju + k12c2,Ju2 + e 

(3) 
eq 1 could then be written as a quadratic polynomial 

(4) 

that could then be used as a fitting function after transforming 
the data from the form of concentration as a function of radius 
to concentration as a function of the value of u. In order to 
ensure obtaining nonnegative values for the equilibrium con- 
stants and to optimize the shape of the minimum in the surface 
of the sum of squares as a function of the parameter values, 
it is desirable to use In klz as a fitting parameter. Equation 
4 then has the form 

c, = cb,lu + exp(lnklz)c~,lu2 + t ( 5 )  

The saving of computational time that the use of this model 
effected was particularly significant when simultaneous fits 
of two data sets were performed, where a fitting function was 
written for each data set, where the values of Cb.1 and e were 
fitting parameters specific to each set and the value of In k12 
was a global fitting parameter. In all cases an estimated 
weighting function was generated in MLAB by multiple 
smoothing of a data set, estimating the variance of each point 
from its deviation from the smoothed value, and using the 
reciprocal of the variance as a weight. Using weighting is 
particularly important when performing simultaneous fits 
where the range of values within each data set differ signif- 
icantly since failure to do so results in the data set with values 
of greater magnitude having an undue influence upon the 
parameter values. 

The range of behavior observed in this work is shown in 
Figures 1A and 2A. Figure 1A illustrates the normalized 
concentration distributions of the Watson-Crick oligomer, 
GGTACGCGTACC, in 0.5 M NaCl at 10 OC, a temperature 
at which most of the DNA was in the dimeric form and 
profound quadratic behavior of the distributions is observed. 
In contrast, Figure 2A illustrates the normalized concentration 
distributions of the AG(5,8) mispair, GGTAAGCGTACC, 
in 0.1 M NaCl at 25 "C, where all of the DNA appears to 
be in the monomeric form and the concentration distributions 
are linear. The graphs illustrating the distribution of the 
residuals (Figures 1B and 2B) demonstrate the absence of any 
significant systematic deviation and represent rms errors lying 
between 0.005 and 0.007 OD units. These values are note- 
worthy since they are less than twice the intrinsic rms error 
associated with the data acquisition system of the ultracen- 
trifuge at 280 nm. 

The values of In k12 obtained in the fitting procedure using 
eq 5 are based on an optical density concentration scale and 
must be transformed to the molar concentration scale for 
thermodynamic calculations. This is accomplished with use 
of the relationship 

(6) 
where K f I 2  is the equilibrium constant on the molar concen- 
tration scale (C) and El is the molar extinction coefficient of 
the oligonucleotide (Howard et al., 1991). This formulation 
assumes that the value of the molar extinction coefficient of 
the dimer is exactly twice that of the monomer; the fact that 

K'12 = C,/C12 = k12El/2 
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FIGURE 1: (A) Concentration distributions of the Watson-Crick 
oligomer, GGTACGCGTACC, as a function of normalized distance 
in the cell (see text) in 0.5 M NaCl at 10 OC and 30000 rpm. The 
fitting lines are given by eqs 5 and 6 with a common best fit value 
of In K',, = 15.108. The upper curve is for an initial loading of 0.186 
OD and the lower curve for an initial loading of 0.090 OD at 280 
nm. (B) Distribution of the residuals of the fits to the data shown 
in (A). The upper panel is for the 0.186 OD loading; the lower panel 
is for the 0.090 OD loading. These distributions correspond to rms 
errors lying between 0.005 and 0.006 OD units at 280 nm, which 
should be compared to the intrinsic noise of the system of 0.004 OD 
units at this wavelength. 

the DNA solutions exhibit minimal change in optical density 
over the temperature range of the study while the ratio of 
monomer to dimer changes radically validates this assumption. 
K'12 is converted to the dimensionless thermodynamic equi- 
librium constant KI2 by choice of standard states. The values 
of the thermodynamic monomer-dimer equilibrium constants, 
KL2, and their associated standard errors as obtained by 
equilibrium ultracentrifugation are reported in Table I. The 
average uncertainty in K I 2  was about 6% for the oligo- 
nucleotides in 0.1 M NaCl and about 9% for the oligo- 
nucleotides in 0.5 M NaCl. 

The temperature dependence of the equilibrium constant 
was analyzed by the method of Clarke and Glew (1966) using 
the Taylor's series expansion about the reference temperature, 

R In K 1 2  = 
e 

This form of the expression describing the temperature de- 
pendence of the equilibrium constant has the desirable property 
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FIGURE 2: (A) Concentration distributions of the AG(5,8) mispaired 
oligomer, GGTAAGCGTACC, as a function of normalized distance 
in the cell in 0.1 M NaCl at 25 OC and 30000 rpm. The fitting lines 
are given by eqs 5 and 6 with a common best fit value of an inde- 
terminately large negative value of In K',2 (ICl2 = 0). The upper curve 
is for an initial loading of 0.199 OD and the lower curve for an initial 
loading of 0.102 OD at 280 nm. (B) Distribution of the residuals 
of the fits to the data shown in (A). The upper panel is for the 0.199 
OD loading; the lower panel is for the 0.102 OD loading. These 
distributions correspond to rms errors lying between 0.006 and 0.007 
OD units at 280 nm, which should be compared to the intrinsic noise 
of the system of 0.004 OD units at this wavelength. 

that the fitted parameters AGO,, AHoe, and ACpoB are inde- 
pendent of one another. The reference temperature 8 was 
taken to be 293.15 K, approximately in the middle of the 
temperature range of the experiments, in order to minimize 
the standard errors of the derived thermodynamic parameters. 

When eq 7 was used for fitting the values of R In K,, as 
a function of temperature, the data were weighted by the 
normalized reciprocals of the variances of In KI2 obtained when 
fitting the ultracentrifuge concentration data. Although no 
statistical improvement in fit was obtained for the oligo- 
nucleotide IA(6,7) using a nonzero value for ACpoe, in most 
of the other cases a statistically significant improvement in 
fit was found with a nonzero value for this parameter. Our 
ultracentrifuge data indicates nonzero values for ACpoe since 
their magnitudes are several times greater than those that 
would be expected to arise from propagation of error in the 
values of the equilibrium constants (King, 1965). It is known 
that finite but small heat capacity changes accompany 
structural transitions in nucleic acids (Filimonov, 1986). The 
values of all of the thermodynamic parameters and their 
standard errors are presented in Table 11, and the three-pa- 
rameter fits to the weighted data are shown in Figure 3, panels 
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Table I: Monomer-Dimer Association Constants' of DNA Dodecamers from Equilibrium Ultracentrifugationb 
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T(OC) wc GA(6,7) IA(6,7) A I ( 5,8 AG(5,8) 
10-'K12 in 0.1 M NaCIC 

5 66.8 f 4.1 49.4 f 3.2 5.28 f 0.28 59.3 f 2.1 24.9 f 1.8 
IO 80.5 f 5.4 45.7 f 2.4 4.30 f 0.22 44.9 f 2.8 12.7 f 0.6 
15 70.1 f 4.5 31.1 f 1.4 1.63 f 0.17 21.4 i 1.4 5.74 f 0.30 
20 46.4 f 2.2 25.8 f 1.1 0.90 i 0.1 1 13.6 f 0.8 2.38 f 0.16 
25 23.0 i 1.1 14.1 f 0.6 0.56 f 0.25 5.84 f 0.46 all monomer 
30 13.2 f 0.9 9.20 f 0.46 all monomer 2.82 i 0.24 all monomer 

1O4KI2 in 0.5 M NaCF 
5 426 i 61 292 f 76 50.1 f 4.1 68.2 f 5.5 77.5 f 5.9 

51.6 f 2.7 IO 364 f 58 274 f 36 38.7 & 3.6 63.5 f 5.9 
15 252 f 34 217 f 21 19.2 i 1.3 39.1 f 3.4 22.7 f 1.0 
20 183 f 19 175 f 18 11.3 f 0.8 27.0 i 2.1 11.9 f 0.4 
25 141 f 15 161 f 17 7.09 f 0.36 18.9 f 0.9 6.14 i 0.24 
30 86.7 f 8.0 106 f 10 3.33 f 0.25 10.7 f 0.8 1.53 f 0.10 
35 49.5 f 6.3 58.7 f 7.5 
40 36.1 f 5.2 40.7 f 6.0 

'Reaction: 2 M z D. bThe standard state was chosen to be 1 mol L-l of oligonucleotide monomer in each solvent. bAl l  solutions also contained 
0.01 M sodium cacodylate and were at pH 7.0. Indicated uncertainties are the estimated standard deviations from the combined weighted fits of the 
concentration distributions. 

Table 11: Thermodynamic Parameters of Monomer-Dimer Association' 
AGOzoo. AHOzoe AC O20- Aso2Qo AGo7,5.(calcd) 

oligonucleotide (kcal mol-') (kcal mol-') (cal m o b  deg-I) (cal mol-l deg-I) (kcal mol-I) 

wc -7.59 i 0.03 -16.3 f 1.2 -1530 f 240 -30 f 4 -7.53 
GA(6,7) -7.21 f 0.03 -13.6 f 1.0 -700 f 220 -22 i 3 -7.29 
IA(6,7) -5.41 & 0.12 -26.9 f 6.8 -1200 i 910 -73 f 30 -6.01 
A1(5,8) -6.85 f 0.04 -23.2 f 1.2 -800 f 910 -56 i 4 -7.34 
AG(5,8) -5.87 f 0.01 -3 1.9 f 0.4 -850 f 50 -89 i 1 -6.74 

0.1 M NaClb 

0.5 M NaClb 
wc -8.42 k 0.02 -1 1.9 f 0.5 -390 f 80 -12 i 2 -8.47 
GA(6,7) -8.42 f 0.03 -8.5 f 0.6 -560 f 110 -0.3 f 2 -8.29 
IA(6,7) -6.81 f 0.03 -19.3 f 1.1 -470 f 240 -43 f 4 -7.25 
AI(5,8) -7.32 f 0.03 -14.1 f 0.9 -580 f 190 -23 f 3 -7.47 
AG(5.8) -6.83 f 0.05 -27.4 f 2.2 -1060 f 480 -70 f 8 -7.43 

'The standard state was chosen to be 1 mol L-l of oligonucleotide monomer in each solvent. Unitary changes in free energy and entropy, in which 
the entropy of mixing contribution arising from the choice of concentration units is eliminated, can be obtained by adding 7.98 cal mol-' deg-l to each 
standard entropy change, ASo20.. reported above and making each standard free energy change, AGoZo0, 2.34 kcal mol-' more negative. bAll 
solutions also contained 0.01 M sodium cacodylate and were at pH 7.0. Uncertainties are the estimated standard deviations from the weighted 
three-parameter tits using eg 7. 

A-E. The lines drawn in Figure 3, panels A-E, show the 
excellent fits of eq 7 to the equilibrium constant data for both 
salt concentrations studied. 

DISCUSSION 
The primary finding of this study is that all of these highly 

palindromic DNA dodecamers form equilibrium mixtures of 
hairpin and double-stranded helical structures in solution at 
temperatures below their respective main order-disorder 
transitions. It is of considerable interest that in the first paper 
to describe oligonucleotide hairpin helices, Scheffler et al. 
( 1968), employing equilibrium ultracentrifugation, reported 
a continuous decrease in relative molecular weight of nearly 
a factor of 2 for d(TA)19 in the region below the main optical 
transition. This behavior is very similar to what we are re- 
porting for these dodecamers. 

The position and temperature dependence of the mono- 
mer-dimer helix equilibrium are unique for each dodecamer 
studied. It is seen in Table I that the values of the mono- 
mer-dimer equilibrium constant, K I 2 ,  are different for the 
various oligonucleotides and decrease to different extents with 
increasing temperature. The equilibrium ultracentrifugation 
measurements reported in this paper were mostly carried out 
at temperatures below the onset of the cooperative order- 
disorder transition as determined by ultraviolet absorption 
spectroscopy of oligonucleotide solutions at the same con- 

centration (Howard et al., 1991). In this pretransition region, 
IR studies clearly indicate base-pairing (F. B. Howard, C.-q. 
Chen, P. D. Ross, and H. T. Miles, manuscript in preparation), 
while there is little or no change in the UV absorbance. 
Therefore, in this region, we identify the species of molecular 
weight 7776 as a dimeric double helix and the species of half 
this molecular weight as a monomeric intramolecular hairpin. 
Thus, the technique of equilibrium ultracentrifugation reveals 
extensive information about the composition of these oligo- 
nucleotide solutions in the pretransition region. The tendency 
for double-helix formation is greatest at higher salt concen- 
tration and lower temperatures, whereas the monomeric species 
are favored at lower salt concentration and higher tempera- 
tures. These results are consistent with earlier studies 
(Scheffler et al., 1968; Marky et al., 1983; Xodo et al., 1988) 
that indicated that an antiparallel intramolecular hairpin is 
the more stable ordered form at higher temperatures. 

The signs of the thermodynamic parameters characterizing 
these DNA dodecamers reported in Table I1 show that hairpin 
formation (i.e., reversing signs given in Table 11) is a wholly 
entropically driven process that is opposed by an unfavorable 
change in enthalpy. Recent computer simulations at low ionic 
strength reported by Olmsted et al. (1989) show a marked 
decrease in counterion concentration at the surface of an ol- 
igonucleotide upon halving the chain length, N,  for the values 
of N relevant to this study. Assuming that the charge spacing 
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(Figure 3A,B), and again both IA(6,7) and AG(5,8) are 
primarily monomeric at room temperature and above (Figure 
3C,E). AI(5,8) most resembles IA(6,7) and AG(5,8) in 0.5 
M NaCl but with somewhat reduced hairpin-forming tend- 
encies (Figure 3D). 

In order to examine the effects of the variation of chemical 
structure and the location of the mispairs upon the hairpin to 
double helix reaction, it is desirable to compare the dodecamers 
under conditions approximating a constant environment as far 
removed as possible from the main order-disorder transition 
so that any contributions from that phenomenon are mini- 
mized. The results in Table I suggest that the monomer-dimer 
equilibrium constant changes least at temperatures below 10 
OC where the helix form is most stable. In order to obviate 
the use of uncertain AC," values, we have averaged the values 
of K12 determined at 5 and 10 OC and using AGO = -RT In 
K12 have obtained the standard-state Gibbs free energy change 
associated with the hairpin to double helix equilibrium at 7.5 
"C. These Gibbs free energy changes presented in the last 
column of Table I1 are close to the values obtained at 20 OC 
from the global fit of all the data; this reflects the general 
insensitivity of the free energy function to temperature. In 
both 0.1 and 0.5 M NaCl, the free energy changes at 7.5 "C 
are very similar for all of the dodecamers and the values all 
lie within the narrow range of 1.5 kcal mol-', which corre- 
sponds to a maximum difference of only a factor of 12 in K I 2  
between the most helical dodecamers, WC and GA(6,7), and 
the least helical dodecamer, IA(6,7). These extremely small 
differences in Gibbs free energy change (AAG") render dif- 
ficult any interpretation of these thermodynamic parameters 
in terms of possible structural origin. 

The introduction of two GA purine-purine mismatches at 
the 6 and 7 positions in the center of the dodecamer introduces 
virtually no thermodynamic perturbation with respect to the 
normally paired WC DNA and reduces the free energy of the 
helix-hairpin equilibrium by only 200 cal mol-'. However, 
introduction of AG mispairs at the 5,8 positions results in 
changes of Gibbs free energy of about 1000 cal mol-' in both 
0.1 and 0.5 M NaC1, demonstrating the marked effect of the 
sequence position of the mispair for these compositional iso- 
mers. In the case of IA substitution, the hairpin is most 
favored by the 6,7 substituent, while the 5,8 AI substituent 
is most similar to the GA(6,7) dodecamer in 0.1 M NaCl and 
displays an intermediate tendency toward hairpin formation 
in relation to the other dodecamers in 0.5 M NaCl. These 
results demonstrate both specific base substituent effects and 
sequence-specific effects in determining the helix-hairpin 
propensities of these dodecamers, which are considered in detail 
elsewhere (Howard et al., 1991; F. B. Howard, C.-q. Chen, 
P. D. Ross, and H. T. Miles, manuscript in preparation). 

The fact that for room temperature and above, the value 
of the hairpin-dimer equilibrium constant, K l z ,  is of the order 
of lo5 has important implications for these and similar oli- 
gonucleotides. If we assume a value of K12 = lo5, it is readily 
seen that at low concentrations, of M, such as used in 
ultraviolet spectrophotometry, one has an approximately 
equimolar population of helical dimers and monomeric hair- 
pins, whereas at the higher concentrations that are employed 
in calorimetric, NMR, or infrared studies (e.g., lo4 M) one 
might have a mixture that is 90% helix and 10% hairpin. It 
appears to be a widespread practice to relate the values of 
apparent "thermodynamic" parameters derived either from the 
shape or concentration dependence of UV melting curves 
obtained at low oligonucleotide concentrations on the basis of 
an assumed model (usually a two-state helix to coil or hairpin 
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FIGURE 3: Fits of R In K 1 2  as a function of temperature in terms of 
the parameters AGo,q, AH"#, and AC,", in eq I. The upper curves 
(0) refer to the oligonucleotides in 0.5 M NaCI; the lower curves (0) 
refer to the oligonucleotides in 0.1 M NaCI. The error bars indicate 
the estimated standard error for each value. Oligonucleotides: (A) 

TACC, (D) GGTAAGCITACC, (E) GGTAAGCGTACC. 
GGTACGCGTACC, (B) GGTACGAGTACC, (C) GGTACIAG- 

and cylindrical radii are the same for the double helix and the 
monomeric hairpin structures, these calculations would indicate 
that the formation of hairpin from double helix will be ac- 
companied by a substantial release of counterions that could 
constitute a major source of the observed positive entropy 
change driving the conversion of double helix to ordered 
hairpin structure. 

The magnitudes of the thermodynamic parameters shown 
in Table I1 fall roughly into two groups: the parent Wat- 
son-Crick base-paired dodecamer, WC, and the GA(6,7) 
mispair, which are the strongest double helix formers, are 
associated with smaller entropy and enthalpy changes while 
the three remaining dodecamers, which have a greater tend- 
ency for hairpin formation, are associated with considerably 
larger changes in enthalpy and entropy. Specifically, in 0.1 
M NaCl, the parent Watson-Crick base-paired dodecamer, 
WC (Figure 3A), and the GA(6,7) mispair (Figure 3B) are 
mainly double helices up to 30 OC (K12  > lo5), while in 
contrast the IA(6,7) and the AG(5,8) mispairs (Figure 3C,E) 
are essentially monomeric above 20 "C ( K I 2  < =lo4). The 
AI(5,8) dodecamer (Figure 3D) is mainly helical at low tem- 
peratures, resembling WC and GA(6,7), but above room 
temperature becomes primarily monomeric similar to IA(6,7) 
and AG(5,8). In 0.5 M NaCl, WC and GA(6,7) are again 
predominantly double helical at all temperatures studied 
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to coil melting process) to structural features deduced (from, 
e.g., two-dimensioanl NOE studies of the same oligo- 
nucleotides) at concentrations at least an order of magnitude 
higher where the composition of the system is markedly dif- 
ferent. Thus, one may be attributing apparent thermodynamic 
parameters characteristic of monomeric hairpins or of hair- 
pin-helix mixtures with structural features associated with a 
double helical conformation. Additionally, on account of the 
temperature dependence of the helix to hairpin equilibrium, 
the composition of the system itself changes continuously 
throughout the melting process and the observed thermal 
transition may not be correctly defined in terms of simple 
two-state or sequential helix to hairpin to coil melting models, 
thus undermining the significance of the values of the ther- 
modynamic parameters deduced from such assumptions. 
Consequently, great caution is warranted in attributing small 
differences in the values of derived thermodynamic parameters 
as arising from structural perturbation induced by changes 
either of chemical composition or of base sequence. In order 
to overcome these difficulties, we suggest that oligonucleotide 
systems first be characterized by molecular weight distribution 
studies such as the ultracentrifuge investigations described in 
this paper in order to establish the composition of the oligo- 
nucleotide solutions that are subsequently examined by other 
techniques. In a future publication describing a detailed 
calorimetric and spectroscopic study of these dodecamers (F. 
B. Howard, C.-q. Chen, P. D. Ross, and H. T. Miles, manu- 
script in preparation), we will present a more complete ther- 
modynamic analysis of these systems that is based in part upon 
the dimer-monomer equilibria reported here. 
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