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Summary: RNA and DNA can be solubilized without denaturation in isooctane 
solutions with the help of reverse micelles formed by di(Z-ethyl-hexyl) 
sodium sulfosuccinate and small amounts of water (down to O.~%,V:V). With 
respect to aqueous solutions, RNA (mol. weight ZO,OOO-30,000) in the hydro- 
carbon micellar solutions shows a decreased absorbance in the 260 nm region, 
accompanied by an increase of ellipticity. This is attributed to a higher 
conformational rigidity of the guest biopolymer, and most probably to an 
increase of base pair stacking. While spectra of low molecular weight 
samples of DNA (ca. 5000 Daltons) show practically no difference with 
respect to water, the CD spectrum of the 250,000 Daltons sample is dra- 
matically changed and becomes reminiscent of that of the condensed 
IJJ form. The above spectroscopic effects can be continuously modulated by 
changing the water content of the micellar system. This offers the 
possibility of using DNA-containing reverse micelles as models for condensed 
packaging of DNA in vivo (as in certain phage heads or chromatin). 

Proteins can be solubilized in hydrocarbon solvents via aqueous reverse 

micelles (l-4). Most probably, the proteins are embedded in the aqueous 

inner core (the so-called "water pool") of the reverse micelle and are 

protected from the apolar environment by a layer of water and the 

surfactant shell. With di(Z-ethyl-hexyl) sodium sulfosuccinate (from now 

on AOT), enzymes retain their activity (2-4) and a series of questions 

concerning the structure and stability of these micellar aggregates, their 

potential for technological applications, the peculiarity of the enzyme's 

environment and the enzyme mechanism have been discussed (5-8) and recently 

summarized in a review (9). 

In one of our previous papers (3) we reported on the activity of ribo- 

nuclease in the reverse micellar system n-octane/AOT/water with the cyclic 

substrate citidine-2':3'-phosphate. In this connection, the question arose 

as to whether and to what extent the polymeric substrate RNA and other 

polynucleotides might be solubilized in the same micellar system. 
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At first glance this proposal may appear surprising. In fact, AOT is 

an anionic surfactant and since RNA (and DNA) is a negatively charged 

polyelectrolyte at pHs above neutrality, strong repulsive interactions 

and a correspondingly high instability of the system should be expected. 

However, the solubilization of RNA as well as of DNA in micellar hydro- 

carbon solution takes place, and in this communication we describe some 

basic features of these novel macromolecular aggregates. Some preliminary 

experimental observations have been mentioned earlier (10,ll). 

EXPERIMENTAL 

Materials: Di(2-ethyl-hexyl) sodium sulfosuccinate (AOT) was obtained 
from Serva and purified as suggested in literature (12). Isooctane was 
puriss. from Fluka. RNA (ex torula), nominal molecular weight 20,000- 
30,1300, was obtained from Calbiochem. Low molecular weight DNA and DNA, 
with a nominal molecular weight of 1.2~10~ were obtained from Fluka and 
Sigma. I!;ooctane solutions were 5DmM in AOT. For chromatography of DNA, 
Ultrogel A6 was obtained from LKB. 

Methods: INucleic acids were solubilized in the isooctane micellar solutions 
by two ways, either with the direct injection techniques (i.e. adding a few 
microliters of concentrated -between 2 and 5 mg/ml- RNA/DNA buffered stock 
solution), or in the case of RNA,by extraction from solid state (i.e. 
mildly shaking the biopolymer powder with the AOT hydrocarbon solution 
containing the desired amount of water). The extraction proceeded very 
slowly under our conditions, and actually after 4 days of RNA extraction, 
the optical density of the hydrocarbon solution (1.4 at 260 nm in 1 cm cells) 
continued to increase. The solubilization with the injection procedure was 
performed by adding lo-50 nl of stock solution of nucleic acid (usually in 
borate buffer pH= 9.0) to the dry AOT isooctane solution. The volume of the 
added buffer solution corresponds to the final water content in the micellar 
system. 

The precision of the injection procedure was checked by plotting the optical 
densities of the so prepared RNA solutions versus the number of microliters 
of the stock solution added to the hydrocarbon micellar solution. A very 
satisfactory linearity was obtained. Small and slow fluctuations in the 
optical density of the micellar solutions were observed over long time 
intervals More particularly, there was a decrease of ca. 3.2% in the first 
4 hours after solubilization, the decrease of the optical density reached a 
maximum of ca 12% after 20 hours, and afterwards it increased again to reach 
the initial reading after ca. 4 days. These equilibirium fluctuations of very 
high molecular weight micellar aggregates are not too surprising in view of 
the analogous effects found in liposomes and vesicles (25). These slow 
changes are with all likelihood connected with structural transformations 
of the micelles and/or of the guest biopolymer and will not be discussed 
in detail in this report. The slow decrease of absorbance with time has 
practically no influence on the results presented in this paper, since the 
spectra were collected rapidly (within 30 min. at the most for CD runs) and 
with micellar solutions not older than 2 hours (the 1190 changes due to 
solution aging are then one order of magnitude smaller than those reported 
in Fig 2 and 3 between water and hydrocarbon solution). A low molecular 
weight DNA sample from Fluka was purified with a Ultrogel A6 (13) column, 
and the fraction with Kav = 0.67 was used for our studies. Ultracen- 
trifugation runs yielded a sedimentation coefficient of 1.38 s and a 
diffusion coefficient of 1.36 x 10m6 cm2/sec., which on the basis of the 
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Svedberg equation (and using a partial specific volume of 0.5) gives a 
molecular weight of 5000 Daltons. The experimental uncertainty 
(difficult to determine precisely in this case) should be within 10%. 
A high molecular weight sample (nominal molecular weight 1.2 x 106) was 
obtained from Fluka and used for qualitative runs without further purifi- 
cation. Clear micellar solutions could also be obtained with this sample; 
however the 259 nm optical density rapidly decreased. It could be shown 
that the material was absorbed on the glass walls: When the micellar 
solution was pipetted out of the glass cell, and this was washed with pure 
isooctane and dried, and water was finally added to this glass cell, the 
optical density of the water solution corresponded quantitatively to that 
for the DNA which was "lost" in the initial micellar solution. The large 
optical density changes observed in our first communication (10) are partly 
due to such loss of material. This process can be slowed down by using 
silanized cells. 
High molecular weight calf thymus DNA purchased from Sigma was subjected 
to sonication (6 minutes total time at a power of ca. 125 watts, with 
intermittent cooling), 1:l extraction with phenol (first neutralized and 
then water-saturated) and ethanol precipitation by adding 3 volumes of 
ethanol after treatment with diethylether to remove phenol. The precipi- 
tated DNA was washed with pure ethanol, and dried under water vacuum. The 
DNA fraction was characterized with an analytical ultracentrifuge (Beckmann 
Model E) and a sedimentation coefficient of 6.5 s was obtained, which gave 
a molecular weight of ca. 250,000 Daltons according to the literature 
standardization (14). 
The final water content of the hydrocarbon phase was 0.5 - 2.3% (v:v), or, 
expressed in terms of the parameter wa (the molar ratio [H,O]/[AOT]), 
between w. = 5 and 26. All studies were carried out at room temperature. 
Detailed information about pH, wo. concentration, etc. of typical experiments 
reported here are given in the figure legends. 
Spectroscopic studies were carried out with the instrumentation and the proce- 
dures described earlier for the case of proteins in micellar solution (5-6). 

RESULTS AND DISCUSSION 

Clear micellar solutions of DNA and RNA in the AOT/isooctane/water system 

could be obtained only in a restricted range of pH, concentration, and w. 

values. Fig. 1 shows the results of the extraction of RNA from solid state 

using our standard conditions. Notice that the percentage of solubilized 

biopolymer does not increase monotonically when the water content of 

the micellar system is increased, but it has a maximum at w. 18 (ca. 

1.6% water v:v). This is in agreement with the results obtained in the case 

of proteins, for example lysozyme (5) and ribonuclease (3). Also the 

enzymatic activity is at its maximum at w 0 values well below the maximum 

Percentage of water (5,6). It is difficult at the moment to give a 

satisfactory explanation of this phenomenon. However, it is well 

established that in the case of "unfilled" micelles (no guest molecules 

other than water) there are critical values of w. around which some 

physical properties of the reverse micelles change rather drastically 

(15, 16). It is now of interest to compare the spectroscopic 
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Fig. 1: Extraction of RNA from the solid state to the supernatant isooc- 
tane/AOT solution, as a function of w, (w, = [H,O]/[AOT]). The 
optical densities (1 cm light path) were measured after 72 hrs. 
of mildly shaking. The water concentration (w,) was set by solu- 
bilizing borate buffer pH=9.0 in the isooctane/AOT solution be- 
fore the extraction experiments. Under our conditions ([AOT]=50 mM) 
'w,-values of 10 and 30 correspond to water contents (v:v) of 0.9 
and 2.6% respectively. The insert shows the time progress of the 
extraction (at w,=14.8). 
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Fig. 2: Absorbtion (a) and ellipticity fb) properties (1 cm light path) 
Iof RNA (mol. weight 20,000-30,000 Daltons) in water and in hydro- 
'carbon micellar solutions. (-) RNA in aqueous solution borate 
lbuffer pH=9.0; (---I in isooctane/AOT solution at w,=14.8 (pre- 
pared from an aqueous stock solution borate buffer pH=9.0); 
(--.-I same as (---I but w,=22.2 . These solutions have been pre- 
oared by the injection procedure, namely adding the same number of 
microliters of an aqueous stock solution to 3 ml of water or of 
ihydrocarbon micellar solution. [AOT]=50 mM. The ellipticities in 
this and in next figure are given in (degrees x l./nucleotide-mol x cm) 
[under the assumption that the molar concentration in the micellar 
solutions and in water are the same. The extinction coefficient in 
water for RNA was taken as 7000 (26) per nucleotide. 
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properties of polynucleotides in the micellar solution and in water. 

For the low molecular weight DNA (=5000), negligible differences 

between the micellar hydrocarbon and the water solutions were observed 

(dODZGO of the order of 1.5% at wo = 18.5). This shows that the micellar 

environment per se has no, or very modest, effects upon the chromophore 

system of the nucleotides. More interesting are the results in the case 

of RNA with molecular weight ZO'OOO-30'000, as shown in Fig. 2. Note 

that, with respect to an aqueous solution, the RNA micellar solution 

has a lower absorbance and a higher ellipticity. This effect is larger, 

the smaller wo. These spectroscopic changes are most likely due to 

conformational changes of the guest RNA molecules. In this regard one 

should recall that DNA and RNA solutions are often characterized by 

hypochromic effects, which are usually attributed to base stacking. 

Accordingly, the decrease of absorbance of RNA in the micellar solutions 

can be ascribed to an increase of base stacking with respect to water 

solutions, and the consequent increase of "conformational rigidity" could 

then be the primary cause of the increased ellipticity. This interpretation 

is in keeping with the data of Brahms, Michelson and Van Holde (21). They 

investigated the CD properties of poly(adenosine) at different temperatures 

(from -2 to +70°C). They found that the elipticity increased by decreasing 

the temperature, which was then interpreted to reflect a decreased 

flexibility of the polynucleotide. 

This interpretation is in agreement with the results and interpretations 

which we found in our studies of proteins. For lysozyme (5) and cl-chymo- 

trypsin (6), for example, the marked increase of ellipticity in the 

190-230 nm region was ascribed to an increase of conformational rigidity 

of the polypeptide chain. The rigidity was attributed to increased H-bonding, 

due perhaps to a lower dielectric constant and, more generally, to the 

peculiar structure of water in the micellar inner core. With enzymes, this 

effect increased when the size of the biopolymer-containing micelles was 

decreased (5,6). This is analogous to the results reported in Fig. 2b. 

When a DNA sample with molecular weight 250,000 was solubilized in the 

micellar hydrocarbon solutions, surprising results were obtained, as 

shown in Fig. 3. The first observation is the striking increase of 

ellipticity with respect to normal water solution values. Equally 

striking are the shifts in position of Xmax of the CD maxima and the 

position of the cross-over point. Also notice that there is a sizeable 

contribution also at very high wavelengths (till and over 500 nm). 

Parallel to these large changes in CD values, the absorption properties 

of the micellar solutions (Fig. 3a) show hypochromic effects and a 

slight blue shift with respect to water solution. Although these 
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Fig. 3: Absorbtion (a) and ellipticity (b) properties (1 cm light path) of 
DNA (mol. weight ca. 250,000 Daltons) in water 1-j and in isooc- 
tane/AOT (50 mM)/water micellar solutions: (----I w,=18.5 (prepared 
from an aqueous stock solution borate buffer pH=9.0); (-.-.-I w,=18.5 
(prepared from an aqueous stock solution tris buffer pH=7.5); 
(*...,.,.,..) same as (----) but w,=25.9; (--.-+-I same as (----) but w,=14.8; 
(-.-.-,in a)) same as (----) but w,=22.2 . The extinction coefficient 
of DNA in water was taken as 6450 (27) per nucleotide. 

absorption perturbations are significant and in line with those obtained 

for RNA, most likely the changes observed in the CD spectra are not 

caused by the perturbations of the chromophores per se. It is also 

important to recall that low molecular weight DNA samples (5000 Dalton, 

see experimental) do not show changes either in absorption or in 

ell.pticity, with respect to water solution (data not shown). It appears 

therefore that the striking CD properties of the high molecular weight 

DNA in the micelles arise from a changed tertiary structure of the 

guest biopolymer. 

An .mportant observation from Fig. 3 is that these changes are directly 

inf"uenced by wg (as already reported, w. directly influences the size 

and the physical properties of the water pools of reverse micelles (12,16)). 

Also notice from Fig. 3 that when the pH of the stock solution is varied 

from 9 to 7.5, at constant wo, there are no significant changes in the form 

or -'n the intensity of the spectrum. This observation shows that the 

"pH-jump" on going from the stock water solution to the water pool (17-20) 

is not responsible for the CD changes. 
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It is difficult to give a clear cut interpretation of the high ellipticity 

elicited by the micellar environment for DNA. However, it is important to 

remark that similar features have been reported in literature and are 

generally ascribed to tertiary structure effects (23-25). In particular 

a spectrum with intense positive and negative CD bands, quite similar to the 

spectra of the micellar AOT solutions shown in our Fig. 3, was obtained 

by Jordan and coworkers studying water solutions of DNA in the presence 

of salt and ionized polyacrylate. (23). Such spectra are broadly defined 

as $-spectra (23, 24, 25) and are attributed to a condensed form of DNA, 

i.e. to a tightly packed structure. The interest in this observation 

is that a compacted DNA form also exists in vivo, for example in condensed 

chromatin and in certain phage heads. 

Summarizing briefly, at this preliminary stage the following potentials of 

nucleic acid-containing reverse micelles are apparent: i) The possibility 

of studying the conformation of nucleic acids as a function of an 

environment, where the physical properties can be continuously and simply 

modulated by changing the water content. This includes studies on 

$-DNA and/or supercoiling. ii) The possibility for new binding and 

assemblage studies. This would be based on the consideration that any 

sort of polar macromolecules inserted in the hydrocarbon micellar solution 

would tend to concentrate into the small water pool cavities. iii) Finally, 

recognizing the dynamic properties of reverse micelles (22), one may 

propose these systems as useful models for material exchange across 

interfaces in in-vivo systems. 
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