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ABSTRACT

In recent years, biological molecules have brought about a renaissance in the
development of novel responsive materials. An example of this is the develop-
ment of new photoresponsive materials for the artificial regulation of chemi-
cal and biological systems. Towards this we have developed a novel enzymatic
synthetic approach for covalent attachment of photoresponsive units into the
RNA backbone. This involves a lipase catalyzed acylation of the 2’ hydroxyl
group in the ribose sugars in the RNA molecule to incorporate photo-isomer-
izable azobenzene groups into the RNA strands. A reverse micellar approach
was used for this RNA functionalization to maintain the solubility of the
nucleic acid as well as to limit the preferred hydrolysis reaction in aqueous
media. The azobenzene groups incorporated in the RNA molecule show
photo-isomerization behavior and can serve as optical ‘handles’ for the manip-
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ulation of the conformation of RNA. This modification of RNA using cova-
lently attached chromophores or fluorophores is a generic approach that can
be extended to other biomacromolecular matrices leading to new opportuni-
ties for biophotonic device applications.

Key Words: Ribonucleic acid; Reverse micelles; Azobenzene; Photo-isomer-
izable

INTRODUCTION

Ribonucleic acids are a multifaceted group of molecules, being involved in
all steps of protein synthesis by storing the genetic information (mRNA) or by
carrying amino acids onto the ribosomes (tRNA). There has been an increased
interest in recent years for exploring different pathways to monitor the conforma-
tional dynamics of the RNA’s. The precise mapping and folding of the RNA sec-
ondary and tertiary structures are of prime importance for the understanding of
the RNA functions. Various chemical and enzymatic footprinting methods are
known for following the conformational changes such as chemical modification
[1], oligonucleotide hybridization [2], UV crosslinking [3] and more recently, syn-
chrotron hydroxyl radical foot printing [4], among others. Several studies have
investigated fluorescence techniques to monitor the protein folding and unfolding,
with probes either covalently attached or non-covalently associated [5]. In particu-
lar, azobenzene derivatized macromolecules have been widely investigated as
photo-responsive triggers in regulation of enzyme activity [6], which provides a
general approach to utilize biocatalysts as light controlled ‘on-off” switching sys-
tems. The photoregulation of enzymes involves either using photochromic materi-
als that act as inhibitors for the enzyme active site specifically in one of their pho-
tochromic configurations or chemical derivatization of the enzyme active site by
substituents capable of blocking the biocatalyst activity in specific configurations
[7]. A detailed investigation of photochromism and conformational as well as light
induced effects in polypeptides such as poly(L-glutamic acid) [8] and poly(L-
lysine [9] having various contents of azobenzene units in the side chains has also
been reported. Other light induced reversible variations in the physical and chemi-
cal properties of azobenzene containing polymers include conformational
changes, variations in viscosity and solubility, photo control of pH, photoregula-
tion of binding/releasing of drugs, photomechanical effects [10-12] and potential
data storage materials [13, 14].

Recently, attempts have been made to develop photo-responsive systems in
relation to nucleic acids, which are envisaged as an attractive methodology to reg-
ulate the interactions between the oligonucleotides and other molecules by photo-
irradiation. If the conformation of the nucleic acids can be controlled simply by
photo-exposure without changing the pH or ionic strengths, various applications
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in vitro and in vivo are promising possibilities. A recent report on modification of
oligonucleotides involves the tethering of the azobenzene residue to the 2 posi-
tion of uridine [15]. On photo-irradiation of these modified oligonucleotides, the
melting temperature of the duplex between the oligonucleotide and the comple-
mentary DNA significantly changes due to cis-trans isomerization of the azoben-
zene. Azobenzene groups have also been introduced into the main chains [16], as
well as the side chains [17] of the oligonucleotides. These azobenzene residues
have been primarily introduced through para substituted functional groups (-NH,,
-COOH and —OH) since these substituted azobenzenes are commercially available
and are easy to synthesize. It has been known that rapid thermal isomerization of
para substituted cis azobenzene is attributed to the electronic effects of the sub-
stituents that weakens the N=N bond. Thus it is expected that the thermal stability
would be improved if substituents were attached to the meta position of azoben-
zene. Asanuma and co-workers [18] introduced m-aminoazobenzene into the side
chain of the oligonucleotides to inhibit the thermally induced cis-trans isomeriza-
tion of azobenzene in order to achieve strict photo-regulation without thermal iso-
merization.

However, in each of these cases the attachment of the azo groups was carried
out prior to the nucleotide synthesis. To date there has been no attempt to tether
the azobenzene groups directly to a genomic RNA/DNA. It is well documented
that as a biomolecule folds, a covalently attached or non-covalently associated
chromophore is typically exposed to a different microenvironment thus altering its
fluorescence properties. Here we have investigated the possibility of a unique pho-
toresponsive assay involving the anchoring of azobenzene photoresponsive units
directly to RNA for optical monitoring of the structural or conformal changes in
the biomacromolecule. Towards this goal, we have designed an enzymatic route
for the functionalization of RNA in dynamic reverse micellar media.

In recent years, reverse micellar enzymology has received a great deal of
attention. This field involves small nanometer sized dispersions of aqueous/polar
materials in lipophilic organic solvents formed by the action of surfactants as a
medium for hosting numerous reactions. These systems have many advantages,
including thermodynamic stability, low water content (water drives ester hydroly-
sis thus limiting the extent of esterification), large interfacial area that allows a
higher degree of enzyme-substrate interaction, ease of preparation and solubiliza-
tion of biopolymers like nucleic acids in lipophilic organic solvents [19]. Lipase
catalysis of esterification reactions has been investigated in reverse micelles [20-
22], the most frequent examples are that of the esterification of fatty acids and
alcohols. Transesterification reactions have also been investigated [23], but it has
been shown that reverse hydrolysis reactions occurred to a considerable extent in
these cases. The rate of the enzymatic reaction in reverse micelles is reported to
depend on many factors such as surfactant concentration, the water to surfactant
molar ratio (w,), temperature, concentration of buffer and the type of counter ions
present [24].
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EXPERIMENTAL
Materials and Methods

Ribonucleic acid (from yeast source) was obtained from Calbiochem, while
porcine pancreatic lipase (PPL, EC 3.1.1.3, Type II) was obtained from Sigma
Chemical Co. (St. Louis, MO). 4-(Phenylazo) benzoic acid (purity 98%) and
dioctyl sodiumsulphosuccinate (AOT, purity 98%) were purchased from Aldrich
Chemicals, Inc., Milwaukee, WI. All other chemicals were of reagent grade or bet-
ter and were used as received. The RNA solutions were checked for protein conta-
mination prior to use by measuring the UV-vis absorbance at 260 nm as well as
280 nm. Sterile glassware, as well as buffers, (100 mM sodium phosphate pH 7.0
and 40 mM sodium tetraborate buffer, pH 9.0) were used for the preparation of the
RNA solutions. Gel electrophoresis was carried out using 6% trisborate—ethylene-
diaminetetraacetic acid (TBE)-urea polyacrylamide gels with TBE as running
buffer.

Synthesis of RNA-Azo Chromophore Complex

A 50 mM solution of the surfactant AOT in isooctane was prepared, and azo
benzoic acid was dissolved in this medium (100 mM) with sonication. Lipase was
added to this media, followed by the solubilization of the nucleic acid in sodium
tetraborate buffer and subsequent injection into the micellar solution. The final
water content of the hydrocarbon phase was expressed in terms of the parameter
w, {[H,OJ/[AOTT]}. A clear monophasic reverse micellar media was obtained and
the reaction was monitored through gel electrophoresis, UV-vis spectroscopy and
circular dichroism polarimetry. The reaction was worked up by ‘bursting open’ the
micelle by adding excess buffer of high ionic strength. The final product was iso-
lated by purification through molecular weight cutoff membranes (Centricon),
followed by subsequent lyophilization.

Characterization

Dynamic light scattering measurements were performed using a Brookhaven
instrument (Model SG-7B Rigaku Denki, Japan) with a homemade goniometer
and a scattering cell chamber. The excitation source was a linearly polarized 35
mW He-Ne laser (Melles-Griot, Model No 05-LHP-927) operating at 632.8 nm,
which was housed on the goniometer fixed arm. The detection unit consisted of an
Avalanche Photo Diode (RCA make, Model # SPCM-100), a discriminator and a
pre-amplifier mounted on the goniometer rotating arm. The UV-vis spectra of
RNA and the RNA—azo complex were recorded on a Perkin-Elmer Lambda-9
spectrophotometer. The circular dichroism (CD) polarimetry spectra were
obtained using a JASCO CD Spectrometer J-720. The FTIR Spectra were
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recorded on a Perkin-Elmer 1720 X series. The gel electrophoresis studies were
visualized under a UV-transilluminator (302 nm) after staining with ethidium bro-
mide.

RESULTS AND DISCUSSION

A schematic of the reaction leading to the RNA-azo chromophore complex
is illustrated in Figure 1. As shown, the azo group is incorporated into the RNA
backbone through an esterification reaction between the acid moiety in the
azobenzene and the 2’ hydroxyl group present in the RNA ribose sugar. The
micellar sizes were determined by the dynamic light scattering experiments and
the results show that the apparent micellar sizes were of the order of nanometers.
It was found that the micellar size increased with the w_ value and the diameter
sizes ranged from 8.0 nm—11.3 nm. The calculations in each of these experiments
were done on the assumption of the micelle being a conventional spherical parti-
cle.

A typical UV- vis spectrum of the azobenzene incorporated RNA is shown in
Figure 2. There are two major absorption bands at 258 nm and 323 nm, the former
one is assigned to the nucleic acid bases while the latter to the trans form of the
azobenzene. Upon UV light irradiation (300nm<A<400 nm), the trans form iso-
merized to the cis form as shown by the decrease in the intensity of the trans band
accompanied by a corresponding increase in the cis band. This photo-isomeriza-
tion occurred in the esterification reaction catalyzed by PPL at w__9 and this data
agrees well with previously reported results of photoisomerization of azobenzene
linked oligonucleotides.

The CD studies also show bands in the region of 330-350 nm (Figure 3) that
indicate the presence of the azo dye in the complex since these bands coincide
with the absorption peak of the azo dye. This peak in the CD spectral data can
only be explained on the fact that the functionalization of the RNA with the azo

COOH
Base |
| = Lipase (PPL)
+ _ >
AOT/ Isooctane, S
? oH Naw N r.t., 24 hours N\ / N=
P=—0 //L
§ I\/”

Figure 1. Schematic of azo functionalized RNA formation.
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Figure 2. UV-vis data of RNA functionalization by PPL on excitation with UV light.

dye may result in the azo dye adopting a ‘handedness’ along the RNA. Similar
results were also obtained at w__14 showing a positive ellipticity in the region cor-
responding to the absorption of the azo dye.

The formation of the ester between the 2’ hydroxyl group of the ribose moi-
ety and the 4-(phenylazo) benzoic acid was confirmed by the appearance of peaks
at 1712 and 1716 cm! in the FTIR spectrum of the modified RNA as compared to
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Figure 3. CD spectra of RNA-azo complex functionalized using PPL at w,=9, pH 7.0.
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the azobenzene carboxyl peak at 1680 cm-! and the RNA peaks (carbonyl region)
ranging between 1692-1698 cm-!. Guided by the literature reports [19] that
nucleic acids may be solubilized in reverse micellar media at a higher pH, the
effect of pH on the esterification reaction was investigated. On carrying out the
esterification reaction at pH 9, w__22 it was observed that the functionalized RNA
partitioned into the isooctane phase. The presence of the azo functionalized RNA
in the isooctane layer was established by the UV—vis and CD spectral data as
shown in Figures 4 and 5. The CD spectral data indicate the presence of the azo
dye peak while a noticeable change in the RNA peak is also observed which could
be attributed to a change in the conformation of the RNA.

The gel electrophoresis results show the native RNA, the reaction mixture
and the control experiment (RNA and the azo dye without lipase) in wells 1, 2,
and 3, respectively. As can be seen in Figure 6, wells 1 and 3 have a fluorescent
spot signifying the ribonucleic acid on staining with ethidium bromide (EtBr)
solution while there is no visible spot for the same in well 2 (reaction product).
This disappearance can be explained based on the covalent attachment of the azo
dye leading to either a change in the electrophoretic mobility of the nucleic acid or
a distortion of the RNA helix in a manner, which impedes the intercalation of the
EtBr dye. It was interesting to note the appearance of a spot for the simultaneous
control experiment, which was carried out in the absence of lipase. This indicated
that the unreacted azo chromophore, even if intercalating with the RNA helix (in
the absence of reaction), did not interfere with the intercalation of the EtBr, which
is used to visualize the nucleic acids. Thus it can be deduced that the nucleic acid

2.0 5
—RNA
= = =RNA & dye (control)
1.5 —o—RNA & dye (reaction with PPL)
)
[&)
% 1.0
8
o]
7]
L0
<€
0.5 1
0.0

T
250

Wavelength (nm)

Figure 4. UV-vis spectra of azo functionalized RNA on reaction with PPL at w;=22, pH 9.0.
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Figure 5. CD spectral data of azo functionalized RNA on reaction with PPL at w;=22, pH 9.0.

Figure 6. Gel electrophoresis results of esterification reaction on RNA catalyzed by PPL at w =22,
pH 9.0 in the isooctane layer where the wells indicate: (a) native RNA; (b) RNA and azo dye in the
presence of lipase; (¢) RNA and azo dye in the absence of lipase (control).
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on reaction with azo dye in the presence of lipase has undergone some conforma-
tional change, which cannot be due to the mere intercalation of the azo dye.

These results indicate that the method of chromophore functionalization of
the nucleic acid complex can alter the solubility of the complex, thus providing us
the opportunity to process these post functionalized biopolymers as potential
information storage devices (surface relief gratings). Further experiments are still
in progress to establish the nature of the covalent attachment (ester or amide for-
mation) of the azo dye to the RNA.

CONCLUSION

Our results show that a biopolymer (RNA) has been functionalized with an
azo chromophore by an enzyme catalyzed acylation reaction. The reverse micellar
media offers the benefit of maintenance of the conformational integrity of the
RNA secondary structure, on encapsulation in the biocompatible microaqueous
neutral buffer environment. The photoactive group incorporated in the RNA mole-
cule opens new avenues for the investigation of RNA conformational switching
through the photodynamic behavior of the azo chromophore as well as for the fab-
rication of versatile functional biomacromolecular matrices.
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