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A. Abbreviations

AA amino acids

ADP adenosine 5'-diphosphate monopotassium salt

AOT bis(2-ethylhexyl) sulfosuccinate sodium salt

APase alkaline phosphatase

a.u. arbitrary unit

BFP blue fluorescent protein

bp base pair

Brij 30 dodecyl poly(4)oxyethylene ether

Brij 58 hexadecyl poly(20)oxyethylene ether

Brij 96 oleyl poly(10)oxyethylene ether

CD circular dichroism

CTAB hexadecyl trimethyl ammonium bromide

cfu colony forming unit

cmc critical micelle concentration

d days

dATP 2'-deoxyadenosine 5'-triphosphate disodium salt

DLS dynamic light scattering, also called photon correlation spectroscopy

DMSO dimethyl sulphoxide

DNA deoxyribonucleic acid

EGFP enhanced green fluorescent protein

FDP fluorescein diphosphate tetraammonium salt

Fl fluorescein

GFP green fluorescent protein

h hours

IL-2 interleukin 2

1 path length of measuring cell

max maximum

min minutes

mRNA messenger RNA

o/w oil-in-water



poly(A) poly(adenylic acid)

poly(dA) poly(deoxyadenylic acid)

RNA ribonucleic acid

s seconds

Span 80 sorbitan monooleate

T temperature of measurement

Tween 80 poly(20)oxyethylene sorbitan monooleate

Tween 85 poly(20)oxyethylene sorbitan trioleate

UV ultraviolet light

VIS visible light

w0 number of water molecules per surfactant

solutions (wq = [H20]/[surfactant])

w/o water-in-oil



B. Abstract

This work deals with compulsory compartmentation. Compartmentation is important because it

may be a necessary requirement for the onset of the chemistry of life. Water-in-oil (w/o)
emulsions and reverse micelles offer a compulsory and clearly defined compartmentation.
Therefore such compartments are used in this work.

This work is divided into two main parts. The first part deals with biological macromolecules

and biochemical reactions in reverse micelles. The second part deals with biologically relevant

reactions in w/o emulsions.

With the aim of investigating the compartmentation of nucleic acids and surfactant aggregates

we have studied the circular dichroic properties of DNA solubilised in reverse micelles. DNA

incorporated in AOT-isooctane reverse micelles (AOT = bis-2-ethyl-hexyl sodium sulfo-

succinate) assumes an anomalous CD (circular dichroism) spectrum with the characteristic

features of a psi-spectrum. Older literature observations could therefore be confirmed that

attribute these spectral changes to the fact that the reverse micelles induce the formation of a

condensed form of DNA. A dynamic light scattering characterisation of the DNA containing
reverse micellar solutions was carried out, and three populations of aggregates in apolar solvent

are observed, with an average radius centred at 5 nm, 100 nm and 1000 nm respectively, all three

containing DNA. The dimensions ofthese DNA containing reverse micelles are reconfirmed by

light and electron microscopy. Several forms of DNA, including a plasmid, are investigated.
The formation of one micrometer large aggregates depends on the DNA concentration, and such

aggregates are unstable. Conversely, the 100 nm aggregates are more stable and contain DNA

in a normal spectral state at low concentration and in a condensed form - it is the characteristic

psi spectrum - in a higher concentration range. The solubilisation of DNA in reverse micelles

brings about unexpected larger structures in hydrocarbon solution. Aggregates of 100 nm radius

appear to be a characteristic feature ofDNA containing reverse micelles.

It is well known that reverse micellar compartments exchange small in their water pools
solubilised molecules but it has not been known yet whether reverse micellar compartments

containing large macromolecules such as DNA exchange their solubilisâtes.

Biochemical reactions are used to investigate the solubilisate exchange oflarge macromolecules

between reverse micellar compartments. Two different kinds of molecules that can react with

each other are dissolved in separate reverse micellar solutions, and then this two solutions are

combined, and the occurring reaction is monitored (the formation of product is monitored). In

case different compartments (reverse micellar droplets containing one or the other reactant) are

able to exchange their solubilisâtes, product is formed. Product is not obtained in case different

compartments are not able to exchange their solubilised reactants.

The following reactions are studied: Dephosphorylation of fluorescein diphosphate to

fluorescein by alkaline phosphatase, binding of fluorescent dye YOPRO to DNA, condensation

ofDNA by the lysine rich protein hi stone HI and in vitro protein synthesis of EGFP (enhanced

green fluorescent protein).
With the help of the conversion of fluorescein diphosphate to fluorescein by alkaline

phosphatase in lecithin reverse micelles (first dissolved in separate reverse micellar solutions

that are combined afterwards) it is shown that solubilisate exchange does not take place between

different reverse micellar compartments at w0 5 (w0 = [H20]/[surfactant]) and is very slow at

w0 10. The solubilisate exchange is quite fast at w0 20 to 40, hence larger w0 favour solubilisate

exchange between reverse micellar compartments.



The fluorescent dye YOPRO and DNA are dissolved in separate reverse micellar solutions, and

then the YOPRO and DNA containing reverse micelles are combined. It is not possible to

monitor the binding ofYOPRO to DNA in reverse micelles. DNA and histone HI are dissolved

in separate reverse micellar solutions and then the DNA and histone HI containing reverse

micelles are combined. CD spectra exhibit normal B-type DNA, hence DNA is not condensed

by histone HI in reverse micelles (condensed DNA assumes a psi-type CD spectrum). The

fluorescent protein EGFP is not synthesised in reverse micellar solutions by in vitro

transcription and translation.

These results suggest that solubilisate exchange does not take place between reverse micelles

containing large macromolecules such as DNA. Reverse micellar solutions usually contain

compartments in the size range of several nanometers, hence solubilisate exchange of large
macromolecules between compartments is investigated with compartments in the micrometer

size range. Solubilisate exchange between w/o emulsion droplets is investigated in the second

part of this work.

The second part of this work deals with the in vitro protein synthesis in w/o emulsions. Cell-free

EGFP and BFP (blue fluorescent protein) formation are carried out in Tween 80/Span 80 w/o

emulsions, and the reactions are monitored by fluorescence microscopy. The protein synthesis

during emulsification is prevented by working at 4° during emulsion preparation. Protein is

synthesised in all the emulsion droplets that exceed 30 urn in diameter. The in vitro synthesis of

EGFP in emulsion droplets proceeds for about 1 h, and the yield is about 7.5 ng/ul protein. The

EGFP synthesis in aqueous solution takes place for at least 5 h. The yield is about 10.5 ng/ul

protein after 1 h and about 15.8 ng/ul protein after 5 h. The cell-free formation of BFP in

emulsion droplets proceeds for about 2 h.

Solubilisate exchange between w/o emulsion compartments is investigated with the help of the

cell-free EGFP synthesis. Four commercially available liquids are required for the in vitro

EGFP synthesis. These liquids are dissolved alone or together with another one in separate

emulsions, and then these emulsions are combined. The synthesis of EGFP is monitored by
fluorescence microscopy. The synthesis of EGFP indicates that w/o emulsions exchange large
solubilised macromolecules. Surprisingly, the obtained time course is similar to the case where

all the required components for the protein synthesis are dissolved in the same emulsion. When

the liquids required for protein synthesis are dissolved in separate emulsions and then these

emulsions are combined, in some droplets a lot of EGFP is synthesised after 1 h incubation, in

some a small amount of EGFP is synthesised and in some no or no detectable amount EGFP is

synthesised.

The conclusion is that w/o emulsions exchange large macromolecular solubilisâtes such as

DNA. Reverse micellar compartments exchange solubilisâtes in the size range of small

macromolecules such as proteins but they probably do not exchange large macromolecules such

as DNA.



C. Zusammenfassung

Diese Arbeit handelt von erzwungener Kompartimentalisierug. Kompartimentalisierung ist von

Bedeutung, weil sie möglicherweise eine Voraussetzung für den Beginn der Chemie des Lebens

ist. Wasser-in-Oel (w/o) Emulsionen und Umkehrmizellen haben erzwungene und klar definiert

Kompartimente, deshalb wurden solche Kompartimente für diese Arbeit gewählt.
Diese Arbeit gliedert sich in zwei Teile. Der erste Teil behandelt biologische Makromoleküle

und biochemische Reaktionen in Umkehrmizellen. Der zweite Teil behandelt biologisch
relevante Reaktionen in Wasser-in-Oel Emulsionen.

Die Circular Dichroismus (CD) Eigenschaften von DNA in Umkehrmizellen werden mit dem

Ziel untersucht, die Kompartimentalisierung von DNA und Tensidaggregaten zu erforschen.

DNA, die in AOT/Isooktan-Umkehrmizellen (AOT=Natrium-bis-2-ethyl-hexyl-sulfosuccinat)

gelöst wurde, hat ein anomales psi-artiges CD-Spektrum. Frühere, bereits publizierte

Beobachtungen, dass Umkehrmizellen die kondensierte Form von DNA induzieren, können

somit bestätigt werden. Eine Charakterisierung von Umkehrmizellen, die DNA enthalten, wird

mittels dynamischer Lichtstreuung durchgeführt; drei Populationen von Aggregaten mit

hydrodynamischen Radii von 5 nm, 100 nm und 1000 nm werden beobachtet, die alle DNA

enthalten. Die Grössenordnung der Dimensionen dieser Aggregate kann mittels Licht- und

Elektronenmikroskopie bestätigt werden. Zudem werden Umkehrmizellen, die verschiedene

Arten von DNA enthalten, untersucht. Die Bildung der Aggregate, die eine Grösse im

Mikrometerbereich haben, hängt von der DNA-Konzentration ab. Zudem sind diese Aggregate
instabil. Hingegen sind die Aggregate, die einen Radius von etwa 100 nm haben, viel stabiler

und enthalten DNA in B-Form bei niedriger DNA-Konzentration und in kondensierter Form bei

höherer DNA-Konzentration. Das Lösen von DNA in Umkehrmizellen bewirkt unerwartet

grosse Aggregate in organischen Lösungsmitteln. Aggregate mit einem Radius von 100 nm

scheinen ein typisches Merkmal von DNA-enthaltenden Umkehrmizellen zu sein.

Es ist bekannt, dass Umkehrmizellen kleine in ihren Wasserpoolen gelöste Moleküle

austauschen. Hingegen ist noch nicht bekannt, ob Umkehrmizellen, die grosse Makromoleküle

wie z. Bsp. DNA enthalten, auch diese gelösten Moleküle austauschen.

Mittels biochemischer Reaktionen wird der Austausch von gelösten Molekülen zwischen

Umkehrmizellen untersucht. Zwei verschiedene Arten Moleküle, die miteinander reagieren

können, werden in separaten Umkehrmizellenlösungen gelöst, dann werden diese Lösungen

vereinigt, und die Bildung von Produkt wird verfolgt. Falls verschiedene

Umkehrmizellenkompartimente die gelösten Edukte austauschen, wird Produkt gebildet.

Hingegen wird kein Produkt gebildet, falls die in den Umkehrmizellen gelösten Edukte nicht

ausgetauscht werden.

Die folgenden Reaktionen werden untersucht: Dephosphoryherung von Fluoresceindiphosphat
zu Fluorescein durch alkalische Phosphatase, Binden des Fluoreszenzfarbstoffs YOPRO an

DNA, Kondensierung von DNA durch Histon Hl und in vitro Proteinsynthese von EGFP.

Mit Hilfe der Reaktion von alkalischer Phosphatase mit Fluoresceindiphosphat in Umkehr¬

mizellen kann gezeigt werden (zuerst werden die Edukte in separaten Umkehrmizellenlösungen

gelöst und danach werden diese Lösungen vereinigt), dass der Austausch der gelösten
Substanzen zwischen Umkehrmizellen bei w0 5 (w0 = [H20]/[Tensid]) nicht stattfindet und dass

die Reaktion bei w0 10 sehr langsam ist. Hingegen ist der Austausch gelöster Substanzen

zwischen Umkehrmizellen bei w0 20 bis 40 ziemlich schnell. Folglich fördert ein grosses w0

den Austausch von gelösten Substanzen zwischen Umkehrmizellen.



Der Fluoreszenzfarbstoff YOPRO und DNA werden in separaten Umkehrmizellenlösungen

gelöst. Danach werden diese Lösungen vereinigt. Das Binden von YOPRO an DNA in

Umkehrmizellen kann nicht verfolgt werden. DNA und Histon Hl werden in separaten

Umkehrmizellenlösungen gelöst und danach werden diese Lösungen vereinigt. Gemäss den

CD-Spektren ist diese DNA in der B-Form. DNA in Umkehrmizellen wird nicht von Histon Hl

kondensiert, da kondensierte DNA ein psi-artiges CD-Spektrum hat. Folglich findet keine

Reaktion zwischen DNA und Histon Hl in Umkehrmizellen statt. In vitro EGFP-Synthese kann

in Umkehrmizellen nicht nachgewiesen werden.

Diese Resultate deuten darauf hin, dass grosse Makromoleküle wie DNA, die in

Umkehrmizellen gelöst sind, nicht mit anderen Umkehrmizellenkompartimenten ausgetauscht
werden. Umkehrmizellen haben häufig eine Grösse im Bereich von mehreren Nanometern.

Dies gibt Anlass zur Hypothese, dass grosse Makromoleküle, die in mikrometergrossen
Kompartimenten gelöst sind, mit anderen auch mikrometergrossen Kompartimenten

ausgetauscht werden können. Deshalb werden im zweiten Teil dieser Arbeit der Austausch von

gelösten Makromolekülen zwischen w/o Emulsionströpfchen untersucht.

Der zweite Teil dieser Arbeit handelt von der in vitro Proteinsynthese in w/o Emulsionen. Die

in vitro Synthese von EGFP und BFP wird in Tween 80/Span 80 Wasser-in-Oel Emulsionen

durchgeführt. Die Reaktion wird mittels Fluoreszenzmikroskopie verfolgt. Die Proteinsynthese
während der Emulsifikation wird verhindert, indem die Proben bei 4° zubereitet werden. Die

Proteinsynthese findet in allen Emulsionströpfchen, die grösser sind als 30 um, statt. Die in

vitro EGFP-Synthese läuft während einer Stunde ab. Die Ausbeute ist etwa 7.5 ng/ul EGFP. Die

EGFP-Synthese in Wasser läuft während mindestens 5 Stunden ab. Die Ausbeute ist nach einer

Stunde etwa 10.5 ng/ul und nach 5 Stunden etwa 15.8 ng/ul. Die in vitro BFP-Synthese in

Emulsionströpfchen findet während 2 Stunden statt.

Der Austausch von gelösten Stoffen zwischen w/o Emulsionströpfchen wird mit Hilfe der in

vitro EGFP-Synthese untersucht. Vier kommerziell erhältliche Flüssigkeiten werden für die in

vitro EGFP-Synthese benötigt. Diese Flüssigkeiten werden allein oder zusammen mit einer

anderen in separaten Emulsionen gelöst, dann werden diese Emulsionen vereinigt und die

Bildung von EGFP mittels Fluoreszenzmikroskopie verfolgt. Erstaunlicherweise ist der

Zeitverlauf ähnlich dem Fall, in dem alle für die Proteinsynthese benötigten Komponenten in

einer Emulsion gelöst werden. Wenn die für die Proteinsynthese benötigten Komponenten in

separaten Emulsionen gelöst worden sind, enthält ein Teil der Emulsionströpfchen nach einer

Stunde Inkubation eine grosse Menge EGFP, ein Teil eine kleine Menge EGFP und der Rest

kein oder keine detektierbare Menge EGFP.

Die Schlussfolgerung ist, dass w/o Emulsionskompartimente grosse Makromoleküle (z. Bsp.

DNA), die in diesen w/o Kompartimenten gelöst sind, austauschen. Hingegen tauschen

Umkehrmizellenkompartimente kleine Makromoleküle wie Proteine aus, aber wahrscheinlich

keine grossen Makromoleküle wie DNA.



D. Aim of this Work

Physical boundaries separate living organisms from the outside world; life is cellular. Cells are

semipermeable compartments that may maintain the necessary local compartments of reagents
and pH, they may allow the traffic of nutrient and waste molecules, and it may provide a

microenvironment in which reactions occur that do not necessarily occur in bulk water. The

existence of organised supramolecular structures may be the necessary requirement for the

onset of the chemistry of life (Luisi, 1996).
Biochemical Processes, carried out in compartments, are interesting because compartmentation
is one of the basic features of cells. Reverse micelles and w/o emulsions provide forced

compartmentation. The easy and fast preparation makes reverse micelles and w/o emulsions

attractive systems to investigate compartmentation.
Reverse micelles are very dynamic systems that exchange the contents of their water pools. Up
to now mainly solubilisate exchange between reverse micelles has been obtained for proteins
and other small molecules. There was a preliminary investigation that reverse micelles also

exchange single stranded polynucleotides solubilised in their water pools.
W/o emulsions are less dynamic than reverse micelles. W/o emulsions are known to exchange
small molecules such as charged nucleotides between their water pools. W/o emulsion droplets
also exchange e. coli cells between their water pools.
An aim of this work is to study DNA in AOT reverse micelles. It has been found before that

AOT reverse micelles can induce a condensed structure of DNA. The question of the

dimensions of these DNA containing reverse micelles arose and whether the condensed

structure ofDNA in AOT reverse micelles depended on DNA type, length and concentration.

Another aim of this work is to investigate complex biochemical reactions in compartments such

as reverse micelles and w/o emulsions. The reactants involved in these biochemical reactions

are dissolved in separate w/o compartments and then these are combined. The solubilisate

exchange between w/o compartments is studied. In case the reactants form product, the w/o

compartments exchange solubilisâtes whereas in the case the reactants do not form product, the

w/o compartments do not exchange solubilisâtes. Biochemical reactions that take place in w/o

compartments are evaluated by appropriate spectroscopical methods. W/o compartments are

tested for their compatibility with the chosen biochemical reactions.

Solubilisate exchange between different compartments is important because such

compartments may be used as a simple model for symbiogenesis.



E. Introduction

1. Surfactant Aggregates

Surfactants are surface-active molecules. A surfactant is amphiphilic with a hydrophilic

headgroup and at least one hydrophobic tailgroup in the same molecule (see fig. 1). Such

surfactants form various structures in aqueous solution such as spherical and cylindrical
micelles, flat bilayers, vesicles and hexagonal structures. In the presence of oil (usually an

organic solvent) and a small amount of water, surfactants form aggregates like reverse micelles.

Whereas in a mixture of oil, water and surfactants one can find water-in-oil (w/o) emulsions,
oil-in-water (o/w) emulsions and also normal and inverted hexagonal phases. The type of

aggregates that is formed depends on water and oil content, chain length and headgroup size and

charge of the surfactants. Additionally, it also depends on external influences such as

temperature, pH of aqueous solution and ionic strength. Various types of surfactant aggregates

are depicted in fig. 2.

headgroup tailgroups

Fig. 1 : Schematic presentation of a surfactant molecule.

Fig. 2: Different kinds of aggregates, a) reverse micelle or w/o emulsion b) o/w emulsion,

c) micelle, d) cylindrical micelle, e) vesicle, f) bilayer.

The surfactants mainly used for reverse micellar solutions and w/o emulsions in this work are

depicted in fig. 3. The surfactants AOT (bis(2-ethylhexyl) sulfosuccinate sodium salt), Span 80

(sorbitan monooleate), Brij 96 (oleyl poly(10)oxyethylene ether) and 1,2-dioctanoic-src-



glycero-3-phosphocholine were utilised for reverse micellar solutions whereas Tween 80

(poly(20)oxyethylenesorbitan monooleate) and Span 80 were used for w/o emulsions.

CH2OC(0)(CH2)7CH=CH(CH2)7CH3

J10

e)

HO(CH2CH20)w. %o(OCH2CH2)xOH

w+x+y+z=20

^0' ^CH(OCH2CH2)yOH

CH20(CH2CH20)zC(0)(CH2)7CH=CH(CH2)7CH3

Fig. 3: Surfactants used in this work, a) AOT, b) Span 80, c) l^-dioctanoic-sw-glycero-S-

phosphocholine, d) Brij 96, e) Tween 80.

1.1. Reverse Micelles

Quite a lot of surfactants are known to form reverse micelles in apolar media. The hydrophilic

headgroups are pointed to the interior of the aggregates and the lipophilic tailgroups point
towards the exterior of the aggregates, the bulk apolar media (see fig. 4 a). However, the

addition of cosurfactants is often necessary for the formation of spherical reverse micelles. The

anionic surfactant AOT is one of the few surfactants that form reverse micelles without a

cosurfactant (Zulauf et al., 1979). AOT reverse micelles are the best investigated reverse

micellar system. The neutral surfactant l,2-dioctanoic-.w-glycero-3-phosphocholine forms

reverse micelles in the presence of cosurfactants such as aliphatic alcohols (Peng, 1990).
The interaction of reverse micelles with water is important. Reverse micelles can dissolve water

in apolar organic solvents because they have a polar core. This solubilised water is usually
called water pool.
An important parameter is the molar ratio of water to surfactant (w0 = [H20]/[surfactant]). This

molar ratio determines quite a lot of the properties of reverse micelles. The water in the water

pool is partly bound to the surfactant headgroups and behaves like bulk water only above a

certain critical w0. In the case of AOT reverse micelles, water molecules are bound to the



headgroups of the surfactants up to a w0 6-8, and water behaves like bulk water in reverse

micelles only above w0 6-8 (Luisi et al., 1988; Zulaufet al., 1979) (see fig. 4).

Fig. 4: A schematic presentation of an AOT reverse micelle showing the different regions of

the reverse micellar interior, water is bound in the micellar periphery and water is free (= bulk

water) in the micellar centre (El Seoud, 1984).

Bulk water

>

w0
= [H20] / [surfactant]

Fig. 5: The physical properties ofwater in reverse micelles depend on w0 and asymptotically

approach that of bulk water at large w0. The schematic presentation is adapted from Higuchi et

al. (1962).

The physical properties of bound water are different from those of bulk water. The physical

properties of the water pool asymptotically approaches those of pure water with increasing
water content of the reverse micelles (Higuchi et al., 1962) (see fig. 5).
The w0 region, where free water is present in reverse micelles, is usually taken as the dividing
line between reverse micelles and microemulsions. However, this dividing line is not exact

(Luisi, 1985). Therefore reverse micelles and microemulsions are called reverse micelles in this

work.



Reverse micelles are usually in the size range of 2-20 nm (Walde et al, 1990) The dimensions

of AOT reverse micelles containing water depend on the w0 and temperature (Zulauf et al,

1979) The dimensions of these AOT reverse micelles varied between 2 nm (w0 = 0) and 15 nm

(w0 = 60) at room temperature The dimensions ofreverse micelles can depend on the molecules

dissolved in their water pools The size of DNA containing AOT/hexane reverse micelles (w0
= 6) is 100-150 nm whereas the same preparation without DNA is about 10 nm in size (Hanley

etal, 1990)
For AOT reverse micelles, the reverse micellar size depends directly on the water content and

AOT concentration AOT reverse micelles enlarge upon increasing the water content at a

constant AOT concentration, i e the number of AOT molecules per reverse micelle increases

AOT reverse micellar size is reduced upon increasing the AOT concentration at a constant w0,

i e the number of water molecules per reverse micelle decreases and the number of reverse

micelles increases When AOT concentration and water concentration are increased at a fixed

ratio, the dimensions of the reverse micelles stay approximately constant (see fig 6) (Zulaufet
al, 1979)

[Water]

Fig. 6: Effect of water content and surfactant concentration on the size of AOT reverse

micelles A) increase of AOT concentration, B) increase of water and AOT concentration at a

fixed ratio, C) increase of water concentration

Reverse micelles are very dynamic and thermodynamically stable systems Mixing of reverse

micelles of large droplets size with reverse micelles of small droplet size produces, within a few

seconds, a reverse micellar solution containing droplets of intermediate size (Fletcher et al,

1987)

Electrolytes and proteins solubilised in the waterpools of reverse micelles are exchanged
between reverse micelles Three possible mechanisms were proposed for these solubilisate

exchange processes Mechanism A involves the transient fusion oftwo reverse micelles to form

a short-lived 'dimer droplet' The solubilised molecules can redistribute by diffusion during the

finite lifetime of this dimer The 'dimer droplet' splits into two reverse micelles Mechanism B

involves the diffusion of the exchanging molecules through the surfactant bilayer formed at the

point of contact of non-fusing reverse micelles Mechanism C involves migration of the

solubilisâtes through the oil phase (see fig 7) (Eicke et al, 1976, Fletcher et al, 1987, Luisi et

al, 1988)
In the present work, it is not distinguished between the different mechanisms A-C because this

distinction is not possible under the chosen conditions, and therefore the general term

'solubilisate exchange' is used



Fig. 7: Schematic presentation of solubilisate exchange between reverse micelles.

Mechanism A: exchange is mediated by transient fusion oftwo reverse micelles to form a dimer

and consequent splitting into two reverse micelles. Mechanism B: diffusion of the exchanging
molecule through the surfactant bilayer formed at the point of contact of non-fusing reverse

micelles. Mechanism C: involves migration of the exchanging molecule through the oil phase.

Reverse micelles have various applications such as enzymatically catalysed organic phase

synthesis (Kamyshny et al., 2002; Okazaki et al., 2002; Sânchez-Ferrer et al., 1988), extraction

of proteins by phase transfer methods (Marcozzi et al., 1991; Zamarro et al., 1996), preparation
of monodisperse colloidal particles (Barnickel et al., 1992) and medical applications (Wu et al.,

2001).

1.2. Emulsions

An emulsion is a dispersion of one liquid in another with which it is immiscible. The particle
sizes of the dispersed phase are usually between a few hundred nanometers and a few tens

micrometers. Stable emulsions require the presence of an emulsifying agent. The two

immiscible liquids that constitute an emulsion are referred to as water and oil. Within an

emulsion, one liquid phase is in the form of droplets and is therefore distinguished from the

other phase.
There are two types of emulsions: water droplets dispersed in oil, designated as w/o (water-in-

oil) emulsion (see fig. 8 a), and oil droplets dispersed in water, designated as o/w (oil-in-water)
emulsion (see fig. 8 b). An example of an o/w emulsion is milk, and an example of a w/o

emulsion is butter (Morrison et al., 2002).
When an emulsion separates into its two constituent phases, it is said to be broken. The

dispersed phase in an emulsion may rise or sink within the medium because a density difference

may exist between the two phases; these processes are called creaming and sedimenting, and

they are not the same as breaking the emulsion. Emulsion droplets move in Brownian motion

when they are smaller than 5 urn. Such systems are very stable because they usually do not

sediment and do not cream. Sedimentation occurs in case the droplets are larger than 5 urn and

the density of the dispersed phase is smaller than the density of the continuous phase. Creaming
occurs in the case the density ofthe dispersed phase exceeds the density ofthe continuous phase.
A small volume of the dispersed phase promotes the instability of an emulsion.



The storage temperature may strongly influence the stability of emulsions. High temperatures
reduce the stability of emulsions because the viscosity of emulsions is diminished and the

motion of the dispersed phase is increased.
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Fig. 8: a) A w/o emulsion droplet and b) an o/w emulsion droplet.

Emulsions are widely used in pharmacy in ointments, suppositories and pills (Voigt, 1975).
A special application of w/o emulsions is their use as microreactors for gene libraries. Tawflk

et al. (Tawfik et al., 1998; Griffiths et al., 2000; Griffiths et al., 2003; Lee et al., 2002) linked in

vitro transcription and translation of single genes in the aqueous compartments of w/o

emulsions (1-4 urn in size). Such w/o emulsions allow one to carry out in vitro transcription
and translation of various genes simultaneously.
W/o emulsion droplets are known to exchange solubilisâtes such as negatively charged
nucleotides and e. coli cells. The mechanism of solubilisate exchange between w/o emulsion

droplets was not investigated (Ghadessy et al., 2001; Stefan et al., 2003).



2. Biochemical Reactions in Compartments

The existence of organised supramolecular structures may be the necessary requirement for the

onset of the chemistry of life (Luisi, 1996). Compartments are such organised supramolecular
structures. Therefore it appears to be important to study biochemical reactions in compartments

and not just in bulk water. In the field of compartmentation, one tries to utilise closed spherical

compartments to host biochemical reactions, so as to simulate certain aspects ofthe biochemical

behaviour of biological cells. Compartments such as reverse micelles, w/o emulsions and

liposomes are used in this field.

A typical eukaryotic cell is 10-30 urn in diameter and an eukaryotic nucleus is about 5 urn in

diameter whereas a typical bacterium is about 1-2 urn in length but the smallest complete cells,
bacteria known as mycoplasma, are only 300 nm in diameter (Lehninger et al., 1993; Mader,

1996). Reverse micelles are usually in the size range of 2-20 nm (Walde et al., 1990), emulsions

are usually larger than 1 urn (Morrison et al., 2002), and conventional liposomes are about

25 nm to a few urn in size (New, 1990).
W/o-emulsions are in a similar size range as eukaryotic cells but emulsions are unstable systems

whereas reverse micelles are stable but they are usually much smaller than naturally occurring
cells and nuclei (Voigt, 1975). Reverse micelles and w/o emulsions are regarded as water

droplets that are surrounded by a surfactant monolayer. Water pools of reverse micelles and of

w/o emulsions are even considered as a very simple model for biological cells, i. e. the lipid or

surfactant monolayer is considered as the inner layer of the cell membrane (= bilayer), by some

researchers (Boicelli et al., 1982; Boicelli et al., 1983; Martinek et al., 1986; Walde et al., 1990).
The advantage of reverse micellar solutions is that they are transparent and therefore easily
amendable by spectroscopy. The disadvantage is that only overall results are obtained by

spectroscopy. Emulsions on the contrary are milky because of their large droplet sizes.

Reactions in specific emulsion droplets can be followed in real time by light and fluorescence

microscopy because of the large droplet sizes. For reverse micelles and emulsions an indirect

detection method can be used, i. e. breaking the reverse micellar solution or emulsion and

verifying the obtained product by e. g. gel electrophoresis.
Water pools of reverse micelles contain aqueous compartments that are formed when certain

surfactants are solubilised in organic solvents with the help of a small amount of water. A lot of

simple biochemical reactions, i. e. conversion of a substrate by an enzyme, were conducted in

reverse micelles (Holmberg, 1999; Luisi, 1985; Ohshima et al., 1983; Peng et al., 1990; Tuena

de Gômez-Puyou et al., 1998). A more complex biochemical reaction is the restriction digestion
of DNA in reverse micelles (Hanley et al., 1991; Hanley et al., 1990). Nametkin et al. (1992),

using Brij 96 in cyclohexane, were able to show the formation of the protein IL-2 in reverse

micelles, whereby the direct detection of the product was not possible, and the radiolabeled

protein was only observed after breaking the reverse micelles. Also DNA formation was carried

out in reverse micelles but detection was done after breaking the reverse micellar solution

(Anarbaev et al., 1998). Enzymatic RNA synthesis in reverse micelles was detected directly by
UV/VIS spectroscopy (Walde et al., 1994).
Whereas reverse micelles with average radii up to 10 nm, are usually thermodynamically stable

systems, larger emulsion droplets with radii above 1 urn are not. However, these systems offer

the advantage of larger sizes of the aqueous compartments in the size range of biological cells.

Tawflk et al. (Griffiths et al., 2003; Lee et al., 2002; Tawfik et al., 1998) described the formation

of several cell-free protein syntheses in w/o emulsion droplets utilising a variety of surfactant

systems. Again, detection of the synthesised proteins was possible only after breaking the

emulsions at the end of the experiments.
The most classic compartmentation model approach involves liposomes. For example, systems



have been described in which liposomes host a polymerase chain reaction (Oberholzer et al.,

1995a), the replication of a RNA template catalyzed by Q-beta replicase (Oberholzer et al.,

1995b), the polymerisation of ADP into poly(A) (Chakrabarti et al., 1994; Walde et al., 1994)
and even the expression of RNA in ribosome containing liposomes (Oberholzer et al., 1999).

Recently, a functional protein, the green fluorescence protein (GFP), was synthesized in

liposomes (Yu et al., 2001). Whereas the time progress of GFP production in liposomes was

monitored by fluorescence spectroscopy in situ (Oberholzer et al., 2002). Other interesting
molecular biology reactions such as RNA formation inside giant vesicles have been reported

(Fischer et al., 2002).
In all these experiments, all reagents have to be present initially in the same compartment.

Occasionally, one substrate for the enzyme diffused from the outside to the inside of the

liposomes (Chakrabarti et al., 1994; Walde et al., 1994) but this spontaneous permeation works

only in particular cases. Furthermore, usually macromolecules do not permeate inside

liposomes. In other words, the fact that the liposomes mainly used until now as

compartmentation models are more or less impenetrable to biologically important compounds,

greatly limits the possibility of carrying out interesting molecular biology reactions.

W/o emulsion droplets seem to be slightly more penetrable to biologically relevant molecules

than liposomes. Solubilisate exchanging emulsions were used to investigate the conjugation of

F+ and F- strains of e. coli resident in separate w/o emulsion droplets after solubilisate exchange
between emulsion droplets (Stefan et al., 2003). DNA and DNA-binding fluorescent dye
dissolved in separate w/o emulsion droplets showed that solubilisate exchange between

emulsion droplets took place with the help of optical force on the emulsion droplets (Katsura et

al., 2001). It was found that small molecules, including negatively charged dNTP, diffused

between emulsion droplets during thermocycling of a polymerase chain reaction in w/o

emulsions (Ghadessy et al., 2001).
More challenging and generally more useful would be the case in which two or more

compartments carrying different products/reagents collide and eventually exchange
solubilisâtes with each other. The idea of obtaining a complex reaction by solubilisate exchange
between two or more compartments has also another interesting aspect: this in fact may

represent a model for symbiogenesis - according to which a higher molecular complexity can

be reached by the integration of two different and simpler cellular compartments.



3. Circular Dichroism and Condensed DNA

Circular dichroism (CD) is an important non-destructive method to investigate the

conformation of DNA in solution. Circularly polarised light is composed of two orthogonal
standing linear light beams. The phase of one of the light beams is delayed by 90° respective to

the other. Left and right circularly polarised light is absorbed to a different extent by chiral

molecules. CD is by definition this difference between the absorptions of left circularly
polarised light (Aj) and right circularly polarised light (Ar), i. e. CD = Aj - Ar.
In randomly oriented samples like in solutions, only chiral molecules exhibit a net CD signal.

Usually CD signals are only observed at wavelengths in regions where the measured molecules

absorb light, and CD signal may be positive or negative depending on the handedness of the

measured molecules (Rodger et al., 2000).
In the case ofDNA, the nucleobases are symmetrical but the sugars are asymmetrical. Therefore

the CD signals ofDNA is induced by the asymmetrical backbone of DNA. The CD ofDNA is

very sensitive to changes in the secondary structure. Each conformation has its characteristic

CD spectrum that depends slightly on sugar type and base composition. CD spectroscopy of

DNA is usually used empirically, i. e. CD spectra of DNA in unknown conformation are

compared with established CD spectra ofDNA in known conformation (Johnson, 1996).
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Fig. 9: CD spectra of e. coli DNA as 10.4 B-form in 10 mM sodium phosphate buffer (—),
as 10.2 B-form in 6 M ammonium fluoride, 10 mM sodium phosphate buffer (-.-), as A-form in

80% trifluor ethanol, 0.67 mM sodium phosphate buffer (—).

Most DNA polymers are in the B-form in aqueous neutral buffer at moderate salt

concentrations. The B-form ofDNA displays a positive band at 278 nm and a negative band at

245 nm. There are two different kind of B-forms. One form has 10.2 and the other 10.4 bp per

helical turn. The more common form with 10.4 bp per helical turn displays a positive CD band
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at 278 nm and a negative CD band at 245 nm of a similar intensity. The 10.2 bp per helical turn

form displays a very weak band at 278 nm. The negative band of both conformations exhibit a

negative band at 245 nm of a similar intensity. The A-form displays a positive band at 270 nm

and a strong negative band at 210 nm. An example CD spectrum of each conformation is

depicted in fig. 9 (Johnson, 1996).

X(nm)

Fig. 10: Typical psi spectrum of DNA. CD spectra of T4 DNA in sodium polyacrylate
solution. Samples contained either 25 mg/ml sodium polyacrylate (B-form) or 75 mg/ml sodium

polyacrylate (psi-form).

Jordan et al. (1972) obtained CD spectra of DNA with intense negative bands at 260-270 nm

(see fig. 10). These are called psi spectra (psi = polymer and salt induced). This kind of DNA

structure is assumed to be an ordered tertiary structure. Psi spectra ofDNA are usually attributed

to condensed DNA (Imre et al., 1982). The characteristics of psi spectra are huge bands that may

be 10 times larger than normal CD bands but even 100 times larger bands were observed. CD

bands can be much smaller due to precipitation (Carroll, 1972). Bands of psi spectra are

sometimes distorted so there is no resemblance to normal DNA spectra. Such psi spectra are

sensitive to the exact sample preparation. Psi spectra are therefore hard to reproduce and the

spectra may vary even under identical preparation conditions. The sensitivity to the preparation
conditions shows that psi spectra depend on the supramolecular structure and are not an intrinsic

property of DNA. Psi-type anomalies occur in the presence of large DNA aggregates that are

probably mainly in B-form (Keller et al., 1986b; Tinoco et al., 1980).



Fig. 11: Histone Hl is thought to bind to the DNA of the 146 - 165 bp nucleosome The

DNAs two complete superhelical turns enable histone HI to bind to the DNAs two ends and

its middle This figure is adapted from Voet et al (1995)

Fig. 12: DNA compaction in the nucleus (depicted on the left) occurs through a hierarchy of

histone dependent interactions that can be subdivided into primary, secondary and tertiary levels

of structures Strings of nucleosomes compose the primary structural unit Formation of 30 nm

fibres through histone tail-mediated nucleosome-nucleosome interactions provide secondary
structures whereas tail-mediated association of individual fibres produce tertiary structures

This figure is adapted from Horn et al (2002)

DNA in the nucleus of higher eukaryotes, called genome, is condensed in heterogeneous
chromatin fibres in part of the cell cycle in eukaryotes (see fig 12) (Horn et al, 2002) DNA in

the nucleus is compacted by proteins rich in lysine and arginine called histones Histones consist



of several major subunits, HI, H2A, H2B, H3 and H4. A histone octamer is composed of two

each of the core histone H2A, H2B, H3 and H4 and is assembled in vitro and in vivo from one

H3/H4 tetramer and two H2A/H2B dimers. A nucleosomes, i.e. a chromatin particle, consists

of about 146 - 165 bp DNA wrapped around a histone octamer (Annunziato et al., 2000). The

linker histone HI is thought to bind to the DNA of the nucleosome (see fig. 11) (Voet et al.,

1995).
DNA in a B-helix is wrapped around the histone octamer in 1.8 turns of a flat left-handed

superhelix. The protein-DNA interactions occur on the inside ofthe DNA superhelix; no histone

protein appears to surround the DNA or to protrude between the turns of the superhelix.
Chromatin forms a 30 nm thick filament in which the nucleosomes are visible at the secondary
level of chromatin organisation. The 30 nm thick filaments are thought to form radial loops at

the tertiary level of chromatin organisation (see fig. 12) (Hansen, 2002; Voet et al., 1995).



F. Results and Discussion

4. Biological Macromolecules in Reverse Micelles

4.1. DNA in AOT Reverse Micelles

This chapter deals with the interactions between DNA and reverse micelles with the aim to

determine, mostly on the basis of CD studies, whether and to what extent specific nucleic acid

structures result from such interactions. Although reverse micelles, formed in organic surfactant

solutions, are less interesting from a biological point of view than micelles or liposomes that are

formed in water, they offer the advantage of a compulsory compartmentation. In fact, all water-

soluble components added to the hydrocarbon surfactant system must go into the water pool of

the reverse micelles - and in this sense reverse micelles provide one with a well-defined

nanoreactor. Particular emphasis is given to the DNA packaged in reverse micelles as a model

for the condensed form ofDNA. This form ofDNA occurs upon chromosome formation during

metaphase and is thought to play a role in the regulation of gene expression. It is now accepted
that this particular DNA structure acquires very peculiar and characteristic CD features, the so-

called psi spectrum. This DNA form has been simulated in vitro with the use of certain polymers

(Baase et al., 1976; Carroll, 1972; Shapiro et al., 1969).
The question of the dimensions of reverse micelles containing DNA has been investigated with

few surfactants systems. Triton B reverse micelles (100 mM, w0
= 6) with lambda DNA have

an average radius of 10-15 nm (Hanley et al., 1991) and Span 80:Tween 80 11:2 reverse micelles

(88 mM, w0
= 38) with plasmid DNA have a mean particle radius of approximately 32 nm (Wu

et al., 2001). Hanley et al. (1990) suggested that the average radius ofAOT reverse micelles (50-
100 mM) with DNA (0.1 mg/ml buffer) in hexane is 100-150 nm whereas the mean radius of

AOT reverse micelles without DNA is about 10 nm (w0 used is 6 for 100 mM AOT reverse

micelles but the water content of the reverse micelles at lower AOT-concentrations is not

stated). Neutral Brij 30 reverse micelles at w0 4 containing DNA display two populations of

reverse micelles, the population with diameter of 5 nm is independent ofthe DNA concentration

whereas the population at larger sizes varies between 15 and 65 nm in diameter depending on

the DNA concentration (Budker et al., 2002).
Preliminary observations suggested that reverse micelles can induce the condensed form of

DNA (Imre et al., 1982). This results in an anomalous CD spectrum, usually called the psi-
form

.
One distinguishes between +psi and -psi spectrum depending on whether the long

wavelength band has a positive or negative signal. Early work by Jordan et al. (1972) also

obtained CD spectra with intense positive and negative bands studying aqueous solutions of

DNA in the presence of salt and ionized polyacrylate.
It is assumed that in vivo DNA condensation is brought about by basic proteins: in fact, DNA

in the nucleus of a higher eukaryote is intimately associated with basic nuclear proteins rich in

lysine or arginine (Horn et al., 2002). It is not so easy to reproduce this protein-induced

1. The nomenclature originated from the fact that the phenomena were most

commonly observed in solutions of condensed DNA particles, where the agent
used to condense DNA was a polymer at relatively high salt concentration (hence

'psi = polymer and salt-induced CD spectra')



condensation process in the laboratory, although interesting experiments have been conducted

with poly(arginine) and other polymers (Carroll, 1972; Shapiro et al., 1969; Vijayanathan et al.,

2001). Apparently, due to the high negative charge ofthe DNA phosphate backbone, an increase

in the degree of charge neutralization of the DNA should result in an extensive condensation

and in the separation of DNA in the form of insoluble compact structures. It is commonly

accepted that a high degree of intermolecular interaction among many chains is the basis of this

highly condensed form, with the consequent formation of large wreathed coils.

This consideration about the dimensions of the DNA aggregate is important. It has been in fact

reported that the CD spectrum of an optically active molecule may change drastically when it

becomes part of a larger aggregate (Keller et al., 1986a). In particular, if this aggregate has

dimensions similar to the wavelength used in the CD experiment, two kinds of changes or

anomalies may occur (Carroll, 1972). Firstly, long tails may appear in the CD at wavelengths
outside the absorption bands of the constituent molecules (Riazance et al., 1987). Secondly, as

the size of the aggregate grows, the magnitude and the form of the CD bands changes (Tinoco
et al., 1980). This perturbation within the absorption bands gives rise to the already mentioned

psi-type anomalies. On the basis of the above considerations, one may argue that the formation

ofthe psi-form ofDNA may be facilitated by a forced compartmentation in a very small volume

and by the presence of high charge density.
If this is so, then the use of reverse micelles appears a suitable choice. In reverse micelles, the

dimension ofthe water pool is dictated by the molar ratio ofwater to surfactant, w0. For a typical

w0 value of 18 in the isooctane/AOT/water reverse micelle system, the water pool radius is

around 5 nm and the water pool is extremely rich in negative charges of the AOT polar head

groups (Zulauf et al., 1979). When the water-soluble DNA is added to the reverse micellar

system, it can only go in the water pool, and given the high local concentration, it is conceivable

that DNA may assume a condensed form.

When a DNA sample with a length of 500-1000 bp was solubilised in the micellar hydrocarbon
solution, CD spectra as shown in fig. 13 were obtained. The first observation was the striking
increase of optical ellipticity with respect to normal water solution values. Equally striking were
the shifts in position of Àmax of the CD maxima and position of the crossover point. Also notice

the contribution at very high wavelengths, where normally DNA does not have an absorption
contribution. These observations are in keeping with the preliminary study of Imre et al. (1982).
This consideration about the dimensions of the DNA aggregate is important. It has been in fact

reported that the CD spectrum of an optically active molecule may change drastically when it

becomes part of a larger aggregate (Keller et al., 1986a). In particular, if this aggregate has

dimensions similar to the wavelength used in the CD experiment, two kinds of changes or

anomalies may occur (Carroll, 1972). Firstly, long tails may appear in the CD at wavelengths
outside the absorption bands of the constituent molecules (Riazance et al., 1987). Secondly, as

the size of the aggregate grows, the magnitude and the form of the CD bands changes (Tinoco
et al., 1980). This perturbation within the absorption bands gives rise to the already mentioned

psi-type anomalies. On the basis of the above considerations one may argue that the formation

ofthe psi-form ofDNA may be facilitated by a forced compartmentation in a very small volume

and by the presence of high charge density.
If this is so, then the use of reverse micelles appears a suitable choice. In reverse micelles, the

dimension ofthe water pool is dictated by the molar ratio ofwater to surfactant, w0. For a typical

w0 value of 18 in the isooctane/AOT/water reverse micelle system, the water pool radius is

around 5 nm and the water pool is extremely rich in negative charges of the AOT polar head

groups (Zulauf et al., 1979). When the water-soluble DNA is added to the reverse micellar

system, it can only go in the water pool, and given the high local concentration, it is conceivable

that DNA may assume a condensed form.
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Fig. 13: DLS, UV/VIS and CD-measurements ofAOT reverse micelles (97mM) in isooctane,

w0
= 18.5, containing aqueous herring DNA solution (4 mg/ml water) in comparison to the same

amount of added DNA in water, AOT micelles after 10 min incubation, 84 |ig DNA/ml solution

(1), after 5 h incubation, 42 |ig DNA/ml solution (2), after 1 d incubation, 40 |ig DNA/ml

solution (3), after 8 d incubation, 38 |ig DNA/ml solution (4), 127 |ig DNA/ml solution in

water (5). Tm = 25°, 1 (UV/VIS) = 0.2 cm, 1 (CD) = 0.5 cm.

When a DNA sample with a length of 500-1000 bp was solubilised in the micellar hydrocarbon
solution, CD spectra as shown in fig. 13 were obtained. The first observation was the striking
increase of optical ellipticity with respect to normal water solution values. Equally striking were
the shifts in position ofkmax of the CD maxima and position of the crossover point. Also notice

the contribution at very high wavelength, where normally DNA does not have an absorption
contribution. These observations are in keeping with the preliminary study of Imre et al. (1982).

Major questions concerning the reverse micelle DNA complex had not been addressed yet. One

ofthem concerned the dimensions of the DNA-containing reverse micelles. Two different limit

cases might occur. Either the reverse micelles maintain their original small size, forcing the

DNA macromolecules inside their 5 nm radius aqueous compartment, or larger aggregates are

induced by the presence of the large DNA guest molecules, obtained by the fusion and re¬

organization of several initial reverse micelles.

A highly sensitive DLS apparatus was used in order to characterise the size of the reverse

micellar aggregates. The system studied was the classic AOT/isooctane reverse micellar system
with a w0 of 18.5. CD and UV/VIS spectra were collected in parallel to DLS data. Some typical
results are depicted in fig. 13. Light scattering data suggested that reverse micelles at w0 18.5

containing water but no DNA had an average radius of around 5 nm (see fig. 14). After the

addition of the DNA solution, two additional populations were observed, which were

remarkably shifted towards larger sizes, with water pool radii of 100 and 1000 nm respectively.



This indicated a remarkable increase of the average micellar size after the incorporation of

DNA. It should be noted that all these solutions were transparent and without noticeable light

scattering, as shown by the UV/VIS spectra of fig. 13. This lack of significant scattering also

suggested that the percentages of these large structures in solution were rather small. Freshly

prepared AOT/isooctane/DNA reverse micelles containing the same added amount ofDNA as

DNA in water showed a significantly smaller UV absorption at 260nm than the latter. This

hypochromic effect is attributed to a changed tertiary structure of the DNA (Imre et al., 1982).
From 5 hours on up to 8 days the DNA concentration of AOT/isooctane/DNA reverse micelles

(according to UV) changed little even though the molar ellipticity changed significantly within

this time period. While all these spectra showed the characteristic shape ofDNA absorption, the

corresponding CD spectra showed the characteristic psi-form. We studied the time stability of

these three forms, by repeated DLS measurements for up to one week. The larger aggregates

were not stable with time. In fact, as shown in the fig. 13, this population was already

substantially smaller after 5 hours, and vanished completely within one day. The population
around 100 nm instead appeared to be stable for at least 8 days, as judged by the DLS spectra.

These 100 nm species showed even after 8 days a psi-type CD spectrum.

08-r

07-

06-

05-

^ 04-

I 03-

01-

00-

-0 1 ] i

1 10 100 1000 10000

R [nm]

Fig. 14: DLS spectrum of 97 mM AOT/water/isooctane reverse micelles, w0
= 18.5. Tm =

25°.

The stability ofAOT/DNA reverse micelles depended on the treatment ofthe samples after their

preparation.

DLS, CD and UV/VIS spectra of AOT/DNA reverse micelles when samples were shaken prior
to each measurement are depicted in fig. 15. The trend in the DLS spectra over time was

analogue but much slower. In the case of shaking the sample prior to each measurement, the

peak around 1000 nm became smaller and smaller but was still present after one week. Whereas

in the case without shaking, this peak vanished within 5 h. Also these data suggested that larger
reverse micelles were less stable than smaller ones. It was likely that DNA collapsed out oflarge
reverse micelles in the case of shaking the reverse micelles prior to each measurement.

Consequently the instability of large reverse micelles in the case of incubation without shaking
could be partly due to sedimentation of the large reverse micelles.



10000

Fig. 15: Effect of sample shaking prior to measurements on DLS spectra of 97 mM AOT

reverse micelles in isooctane, w0 = 18.5, containing aqueous herring DNA solution (4 mg/ml).
AOT reverse micelles after 15 min incubation (1), after 6 h incubation (2), after 1 day incubation

(3) and after 8 days incubation (4). Tm = 25°.

A completely different behaviour was found when the AOT/DNA reverse micelles were

centrifuged for 20 min at 6000 rpm in an Eppendorf centrifuge (see fig. 16). DLS measurements

displayed only one sharp peak around 5 nm, i. e. larger reverse micelles sedimented during

centrifugation and were consequently not measured. Reverse micelles containing only water

instead of aqueous DNA solution displayed the same behaviour in DLS measurements

(compare fig. 14). Centrifuged AOT/DNA reverse micelles displayed a normal B-helix type CD

spectrum. Additionally UV/VIS measurements of centrifuged AOT/DNA reverse micelles

showed that the absorption at 260nm was constant up to 1 day. Whereas the absorption at

260 nm of uncentrifuged AOT/DNA reverse micelles was unstable over time and was halved

within 5 h. These data indicated that DNA was stable in small reverse micelles with a radius of

5 nm and that DNA in small reverse micelles was in a B-helix. Hence the huge CD bands of

DNA in reverse micelles in the case without centrifugation probably originated from DNA in

the large reverse micelles (R^ around 100 or 1000 nm).
To test whether the larger structures were individual reverse micelles or clusters of reverse

micelles, freshly prepared AOT/DNA reverse micelles were sonicated in a bath sonicator up to

30 min. DLS spectra of unsonicated reverse micelles and reverse micelles sonicated 30 min did

not display any significant difference. Therefore there was no clear indication whether the large
reverse micelles (R^ around 1000 nm) were clusters of smaller reverse micelles or individual

large reverse micelles.
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Fig. 16: Effect of centrifugation at 6000 rpm during 20 min prior to measurement on DLS,
CD spectra and UV/VIS absorption of 97 mM AOT reverse micelles in isooctane, w0 = 18.5,

containing aqueous herring DNA solution (4 mg/ml), freshly prepared centrifuged sample (1),

freshly prepared uncentrifuged sample (2). Tm = 25°, 1 (UV/VIS) = 1 cm, 1 (CD) = 0.5 cm.

The radii of AOT/DNA reverse micelles measured by DLS were 5 nm, 100 nm and 1000 nm. It

was reconfirmed by light microscopy that a small number of particles in the size range of 1-2

|im was present in the AOT/DNA reverse micellar sample (see fig. 17 a). These 1-2 \±m particles
are visible as very small black spots in fig. 17 a. As a negative control, an AOT/water reverse



micelle sample was checked by light microscopy and no particles were visible in that sample

except the usual background noise (see fig. 17 b). Hence only particles smaller than about 1 |im

were present in the negative control. This is in keeping with the result obtained by DLS (see fig.
14). It was not possible to check whether particles with a size below about 1 |im existed in the

sample because the sizes smaller than 1 |im is below the resolution for non-fixed samples under

the utilised microscope (T Oberholzer, personal communication).

Fig. 17: Light micrographs of freshly prepared 97 mM AOT reverse micelles in isooctane, w0
= 18.5, containing a) aqueous herring DNA solution (4 mg/ml) and b) water. The space bar

represents 10 |im.

Freeze fracture electron microscopy was used to access the size range below 1 |im (see fig. 18).
But only pictures with very low contrast were obtained of AOT/DNA and AOT/water reverse

micellar samples. Therefore the interpretation of the obtained micrographs was not

unambiguous. For the AOT/DNA reverse micellar sample, there were particles of two different

sizes on the micrographs. The smaller ones were in the size range of about 10 nm corresponding
to radii of 5 nm in DLS measurements. The larger particles were in the size range of roughly
100 nm. Strangely, only micrographs depicting either particles about 10 nm in size or particles
about 100 m in size were obtained but no micrograph depicted particles of both sizes.

Micrographs of AOT/water reverse micelles only depicted particles in the size range of 10 nm

corresponding to the 5 nm hydrodynamic radius measured by light scattering.
These findings suggested that there were AOT/DNA reverse micelles with radii of about 5 nm

and 1000 nm and that there were medium sized reverse micelles with radii between 50 and

100 nm.

Since all these observations had been made with herring DNA, it appeared important to check

whether the same phenomena would occur with AOT reverse micelles containing other DNA

types of different lengths and forms.
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Fig. 19: UV/VIS and CD spectra of different kinds ofDNA in AOT reverse micelles (99 mM)
in isooctane, w0

= 18.5, containing the same amount of added aqueous DNA (0.5 mg/ml in

buffer): herring DNA in 10 mM Tris, pH 8 (1), lambda DNA in lOmM Tris, pH 8, 1 mM EDTA

(2), pBR322 plasmid in 10 mM Tris, pH 8, 0.5 mM EDTA (3) and lambda DNA in 10 mM Tris,

pH 8 (4). Tm = 25°C, 1 (CD) = 0.5 cm, 1 (UV/VIS) = 1 cm.

In fig. 19 the case of a 500-1000 bp herring DNA sample together with the cases of lambda

DNA (48502 bp (Daniels, 1983)) and pBR322 plasmid (4361bp (Watson, 1988)) are reported.
In all these cases, a relatively small concentration of 0.5 mg/ml DNA was used, which is about

one order of magnitude lower than the investigated case of herring DNA depicted in fig. 13

(4 mg/ml). In particular, fig. 19 depicts the UV/VIS absorption spectra in buffer and in reverse

micelles. A significant hypochromic effect was again apparent by comparing the spectra of the

lambda DNA in buffer and in reverse micelles. As far as the CD spectra were concerned (see

fig. 19), normal CD spectra as in aqueous solution were present indicating a B-helix.
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Fig. 20: DLS measurements of several types of DNA in 99 mM AOT/isooctane reverse

micelles, w0 = 18.5, containing the same amount of added aqueous DNA solution (0.5 mg/ml

buffer), A) herring DNA in 10 mM Tris, pH 8, B) lambda DNA in 10 mM Tris, pH 8, 1 mM

EDTA, C) pBR322 plasmid in 10 mM Tris, pH 8, 0.5 mM EDTA; after 10 min incubation (1),
after 5 h incubation (2), after 1 d incubation (3), after 8 d incubation (4). Tm = 25°C.

Comparing these data with the data of fig. 13 for herring DNA obtained at a DNA concentration

of 4 mg/ml and with the data collected several years ago with the plasmid pBR322 at a DNA

concentration of 2-8 mg/ml (Battistel et al., 1988), both of them showing the typical psi-form,



the conclusion was reached that the condensed form of DNA disappeared at lower

concentrations. This confirmed the notion that a higher concentration of DNA resulted in

intermolecular interactions of an amorphous, interpenetrating coil of DNA molecules. This

seemed to be the structural prerequisite for the condensed form of DNA.

DLS data for these three DNA types including the time dependency are presented in fig. 20.

Notice again that in the case of the plasmid, there were three well distinct species centred at

5 nm, approx. 100 nm, approx. 700 nm, and that the population at 700 nm disappeared after one

week, whereas the component at 100 nm did not. In the case ofthe lambda DNA, only two peaks

appeared that were still present after one week. All this had been carried out at the same DNA

concentration of 0.5 mg/ml, which showed that the 100 nm form was present also when there

was no condensed DNA form in the CD spectra (see fig. 19).
Also the question arose whether the formation of the micellar condensed DNA form would be

reversible or not. We tackled this question and we concluded that this type ofDNA condensation

was reversible. In fact, after extraction of DNA from the reverse micelles and resolubilisation

in water, the normal DNA aqueous spectrum was recovered (fig. 21). This suggested that only

secondary interactions were involved in the formation of the condensed form, and also

suggested that the functionality ofDNA was not lost when it was entrapped in reverse micelles.

By inference, one may suggest that the functionality ofDNA in vivo may not be lost when DNA

is temporarily engaged in a condensed psi-form.
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Fig. 21: CD spectra of herring DNA in water, 66 |lg/ml (1), of 4 mg herring DNA/ml water

in reverse micelles consisting of AOT (50mM)/isooctane/water (w0 = 18.5) (2) and herring
DNA in water after extraction from the reverse micelle isooctane solution (3). Tm = 25°C,
1 = 0.05 cm.

The existence of reverse micellar aggregates with radii around 100 nm or larger in a clear and

transparent solution, was per se quite surprising. It is usually assumed that reverse micelles are

small. Consider in this regard that the 500-1000 bp herring DNA used in these experiments,
once assumed in the linear rigid form, should correspond to approx. 50-100 helical turns, i. e. it

should have a length of approx. 170-340 nm. This would perhaps account for the aggregates

having a radius of 100 nm, however the same argument does not apply to the case of lambda

DNA with 48502 bp length. It is indeed unlikely that DNA in solution maintains a rigid rod

structure. Most likely it assumes a bent or a coiled structure that would reduce its linear

dimensions so as to fit into reverse structures having a radius of 100 nm and 1000 nm.



This work confirmed that under various sets of conditions the simple solubilisation ofDNA in

reverse micelles induces the formation of the supercondensed form of DNA, which results in a

psi-spectrum. This is most likely an aggregate ofDNA molecules, a particular coiled quaternary
structure whose formation is reversible. The very simple compartment of reverse micelles

induces reproducibly and reversibly this form. This fact may turn out to be useful to study the

details of this interesting and biologically important DNA form. This feature is not confined to

a particular type or length of DNA; on the contrary, it appears to be a general phenomenon.



4.2. Solubilisate Exchange Between Reverse Micelles

A particularly challenging field of study emerged from the work about DNA in reverse micelles.

This concerns the possibility that reverse micelles exchange their solubilisâtes. Reverse

micelles are dynamic systems, characterised by a high frequency of collisions and exchange of

the contents of their water pools with each other (Bommarius et al., 1990; Eicke et al., 1976;

Fletcher et al., 1987; Ohshima et al., 1983). It is well known that solubilisate exchange takes

place between reverse micelles containing enzymes and their substrates (Munshi et al., 1994;

Ohshima et al., 1983; Sarcar et al., 1994; Vos et al., 1987). Also solubilisate exchange occurs

between reverse micelles containing two different enzymes (Bru et al., 1991; Fadnavis et al.,

1993; Walde et al., 1988). In a preliminary report, it has been published that poly(A) and poly(T)
dissolved in separate reverse micelles are able to hybridise to double stranded poly(A)poly(T)
after mixing the two separate reverse micellar solutions (Balestrieri et al., 1999). Also short

complementary polynucleotide sequences were dissolved in separate reverse micelles and

hybridisation was observed after mixing the reverse micellar solutions (Park et al., 2003). If

reverse micelles containing large biomolecules are also dynamic systems that exchange their

solubilisâtes, the way will be open to a very efficient modelling of reaction between biological

compartments.

4.2.1. Alkaline Phosphatase and Fluorescein Diphosphate in

Reverse Micelles

Preliminary experiments were done on a simple, fast biochemical reaction of the enzyme calf

intestinal alkaline phosphatase (APase, EC 3.1.3.1) with its substrate fluorescein diphosphate
tetraammonium salt (FDP). Calfintestinal alkaline phosphatase is an enzyme depending on zinc

and magnesium. APase hydrolyses Ortho phosphate monoesters (Trowsdale et al., 1990). This

enzyme is a homodimer that is 2*514 amino acids long (Weissig et al., 1993). Alkaline

phosphatase converts the colourless, non fluorescent substrate FDP to the weakly fluorescent

fluorescein-monophosphate and then to the highly fluorescent fluorescein (Fl) (see fig. 23).
Hence the reaction of FDP to Fl can be easily monitored by fluorescence spectroscopy. Each

FDP molecule has two negative charges. It is expected that FDP and APase is solubilised in the

water pool of reverse micelles. Reverse micelles made of biologically relevant lecithin, i. e.

50 mM l,2-dioctanoic-sft-glycero-3-phosphocholine/isooctane:l-hexanol 9:1 v/v, were used.

This system was optimised for fatty acid chain length, type and amount of alcohol as cosolvent

(Peng, 1990).
FDP (5 uM in 50 mM Tris-HCl, 10 mM MgCl2, 100 mMNaCl, 1 mM dithiothreitol, pH 7.9 at

25°) and APase (2.5 ug/ml in 50 mM Tris-HCl, 10 mM MgCl2, 100 mM NaCl, 1 mM

dithiothreitol, pH 7.9 at 25°) were dissolved in separate reverse micellar solutions (50 mM 1,2-

dioctanoic-sft-glycero-3-phosphocholine/isooctane:l-hexanol 9:1 v/v). These reverse micellar

solutions were combined and the formation of Fl was monitored (for the experimental setup see

fig. 22). The conversion of FDP to Fl suggested that solubilisate exchange occurred between

different reverse micellar compartments.
A major question was what kind of w0 would favour solubilisate exchange between

biomacromolecules containing reverse micelles. Results for various w0 are depicted in fig. 24.

Reverse micelles at w0 5 displayed no fluorescence increase at all and at w0 10 displayed only
a slight fluorescence increase with time. Therefore fusion and consequent reaction of APase and

FDP dissolved in separate reverse micelles did not take place at w0 5 whereas the whole process

was very slow at w0 10. At the w0 of 20, 30 and 40, there was a huge increase of fluorescence

indicating a fast reaction, i. e. fusion or solubilisate exchange ofreverse micelles and conversion



of FDP to Fl by APase took place on a short time scale. The finding that solubilisate exchange
of biomacromolecules between reverse micelles was inefficient at low w0 and efficient at high

w0 is in keeping with the results found by Bru et al. (1991).
The fluorescence increase of the conversion of FDP of Fl by APase in aqueous buffer (50 mM

Tris-HCl, 10 mM MgCl2, 100 mM NaCl, 1 mM dithiothreitol, pH 7.9 at 25°) was investigated
for comparison reason. Only a horizontal line was obtained at a high intensity level (see fig. 25).
The conversion of FDP to Fl was so fast that all FDP had reacted to Fl within the short time

period from the sample preparation to the start of the measurement.

The conclusion is that large w0 favour solubilisate exchange between reverse micelles

containing biopolymers.

Fig. 22: Setup for solubilisate exchange experiments involving reverse micellar solutions

containing APase and another reverse micellar solution containing FDP

l<^ ^^

Fig. 23: Conversion of fluorescein diphosphate (FDP) to fluorescein (Fl) by alkaline

phosphatase (APase).
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Fig. 24: Solubilisate exchange between 50 mM l,2-dioctanoic-sft-glycero-3-phosphocholine
reverse micelles/isooctane:l-hexanol 9:1 v/v, w0 in the range of 5 and 40, mixing of reverse

micellar aggregates containing alkaline phosphatase and fluorescein-diphosphate in separate

reverse micelles. Excitation at 490 nm, emission max at 523 nm, Tm = 25°, aqueous buffer:

50 mM Tris-HCl, 10 mM MgCl2, 100 mM NaCl, 1 mM dithiothreitol, pH 7.9.
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Fig. 25: Reaction of A) APase (2.5 ug/ml) with FDP (5 uM) in aqueous buffer and B) FDP

(5 |iM) alone in aqueous buffer, samples were diluted 1:9 v/v with water prior to measurements.

Excitation at 490 nm, emission max at 523 nm, Tm = 25°, aqueous buffer: 50 mM Tris-HCl,
10 mM MgCl2, 100 mM NaCl, 1 mM dithiothreitol, pH 7.9.



4.2.2. DNA and Fluorescent Dye YOPRO in Reverse Micelles

The question arose whether reverse micelles containing large biopolymer such as DNA also

exchange solubilisâtes with other reverse micelles.

DNA forms very fluorescent complexes upon binding of the fluorescent dye YOPRO (for the

structural formula of YOPRO see fig. 26). The fluorescence of YOPRO itself is negligible,
YORPRO fluoresces brightly upon binding to DNA (Larsson et al., 1994).

Fig. 26: The structure of YOPRO.

50 mM l,2-dioctanoic-s«-glycero-3-phosphocholine/isooctane:l-hexanol 9:1 was utilised as

reverse micellar system. Herring testes DNA with a length of 300-1100 bp was used. The DNA

length was determined by gel electrophoresis.
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Fig. 27: Setup for solubilisate exchange experiments involving reverse micellar solutions

containing the fluorescent dye YOPRO and another reverse micellar solution containing DNA.

The fluorescent dye YOPRO (10 |iM) and herring DNA (1 mg/ml) were dissolved in separate

lecithin reverse micelles (w0 = 20). Then equal volumes of the two reverse micellar solutions

were combined (for experimental setup see fig. 27). Fluorescence emission of the combined

reverse micellar solutions was measured (see fig. 28). The fluorescence intensity at time point
0 was huge. Additionally, there was only a slight fluorescence intensity increase with time and

fluorescence intensity stayed constant from about one hour on.

As a positive control, one volume aqueous YOPRO (10 |iM) and one volume aqueous herring
DNA (1 mg/ml) solution were mixed and this mixture was added to lecithin reverse micellar

solution (final w0 was 20) (see fig. 28). The fluorescence intensity ofthe positive control stayed
constant and the obtained intensity was comparable to the case ofthe combined separate reverse

micellar solutions.
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Fig. 28: Time course of solubilisate exchange between 50 mM l^-dioctanoic-sw-glycero-S-

phosphocholine reverse micelles/isooctane:l-hexanol 9:1 v/v, w0 20, A) DNA and YOPRO

were dissolved in separate reverse micellar solutions then combined at a volume ratio of 1:1,

B) DNA and YOPRO were combined at a volume ratio of 1:1 and then the combined aqueous

phase was dissolved in a reverse micellar solution. Tm = 25°, excitation at 491 nm, emission

max at 509 nm, aqueous buffer: 10 mM Tris-HCl, 1 mM EDTA, pH 8.0.

These results suggested that YOPRO was able to diffuse across the oil to DNA dissolved in the

water pools of reverse micelles. This hypothesis is supported by the fact that YOPRO is soluble

in aprotic organic solvents such as DMSO. Another less likely hypothesis was that YOPRO was

dissolved at the interface of reverse micelles, not in the water pool, and was therefore able to

diffuse to DNA in the water pool of reverse micelles across the interface of reverse micelles.

These experiments involving DNA and the fluorescent dye YOPRO did not allow a general
conclusion whether solubilisate exchange was possible between reverse micellar compartments

containing large macromolecules because YOPRO is soluble in aprotic solvents.

4.2.3. DNA and Histone H1 in Reverse Micelles

The diploid human genome comprises 6*109 bp that would be about 2.2 m in length if one

assumed a rigid B-helix. Even though the human genome is very large, it takes up only 9% of

the volume in the nucleus (Wilson et al., 2002). DNA in the nucleus of higher eukaryotes called

genome is condensed in heterogeneous chromatin fibres in part of the cell cycle (Horn et al.,

2002). Chromosomes are compacted in the nuclei by proteins rich in lysine and arginine called

histones. Histone consists of several major subunits, HI, H2A, H2B, H3 and H4. Nucleosomes,
i.e. chromatin particles, consist of (H2A)2(H2B)2(H3)2(H4)2 and a stretch ofDNA that is about

146-165 bp long. Histone HI probably binds to the DNA of the nucleosome (Voet et al., 1995).
CD spectra ofDNA undergo dramatic changes upon compaction by histone HI (Fasman et al.,

1970; Moràn et al., 1985). CD spectra as in fig. 33 are obtained. Astonishingly, addition of crude

histone extract, containing all subunits employed in vivo in chromosome compaction to DNA,
had no effect on the CD spectrum of DNA. Core subunit histones such as histone H2A do not

have a significant effect on the CD spectra ofDNA at physiological salt conditions (Misselwitz
et al., 1986). Because of the dramatic impact of histone HI on the CD spectra of DNA,

commercially available histone HI and DNA were chosen to investigate the effect of



solubilisate exchange between reverse micelles. A large w0 was used because solubilisate

exchange between reverse micelles is more efficient at large w0 than at small ones (see fig. 24)

(Bruetal., 1991).
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Fig. 29: Setup for solubilisate exchange experiments involving reverse micellar solutions

containing histone HI and another reverse micellar solution containing DNA.

2 mg/ml DNA (in 140 mM NaF, 2 mM sodium phosphate buffer, pH 7) and 0.8 mg/ml
histone HI (in 140 mM NaF, 2 mM sodium phosphate buffer, pH 7) were dissolved in separate
50 mM l,2-dioctanoic-sft-glycero-3-phosphocholine/isooctane:hexanol 9:1 reverse micellar

solutions at w0 40. Then equal volumes of these solutions were combined (for experimental

setup see fig. 29). In case solubilisate exchange takes place between reverse micelles, it is

supposed that DNA assumes a condensed form and displays a psi-type CD spectrum. In case

solubilisate exchange between reverse micelles does not take place, DNA stays in its normal B-

form and displays a B-type CD spectrum.
The obtained CD and UV/VIS spectra are depicted in fig. 30. The CD spectra in fig. 30 are

typical for DNA in B-form. Hence there was no indication for solubilisate exchange between

DNA and histone HI containing reverse micelles and compaction ofDNA by histone HI. The

spectra were alike up to one day and shaking the sample after one day incubation did not affect

the CD spectrum. The UV absorption at 260 nm diminished by 9% within 1 d but shaking the

sample restored the UV absorption to its original value.

Herring DNA (2 mg/ml in 140 mM NaF, 2 mM sodium phosphate buffer, pH 7) and buffer

(140 mM NaF, 2 mM sodium phosphate buffer, pH 7) were dissolved in separate 50 mM 1,2-

dioctanoic-sft-glycero-3-phosphocholine/isooctane:hexanol 9:1 reverse micellar solutions atw0
40 for the negative control. Then equal volumes of these solutions were combined. UV/VIS and

CD spectra of this negative control are depicted in fig. 31. There was no significant difference

between the negative control and the investigated sample containing DNA and histone HI. Both

had CD spectra typical for DNA in B-form and the UV absorption at 260nm diminished by 9%

within 1 d, an effect that was reversible by shaking the sample.
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Fig. 30: CD and UV/VIS spectra of herring DNA (in buffer, 2 mg/ml) and histone HI (in
buffer, 0.8 mg/ml) dissolved in separate l,2-dioctanoic-sft-glycero-3-phosphocholine reverse

micellar solutions (w0 = 40) and then combined at equal volumes, A) freshly prepared sample,

B) after 2 h incubation, C) after 1 d incubation and D) sample shaken after 1 d incubation.

L (CD) = 0.5 cm, 1 (UV/VIS) = 1 cm, Tm = 25°, buffer: 140 mM NaF, 2 mM sodium phosphate
buffer, pH 7.

Equal volumes of DNA (2 mg/ml in 140 mM NaF, 2 mM sodium phosphate buffer, pH 7) and

histone HI (0.8 mg/ml in 140 mM NaF, 2 mM sodium phosphate buffer, pH 7) were combined

for the positive control. Then this mixture of DNA and histone HI was added to a 50 mM 1,2-

dioctanoic-sft-glycero-3-phosphocholine/isooctane:hexanol 9:1 reverse micellar solution (final

w0 40) and was vortexed. The time course of these reverse micelles is depicted in fig. 32. The

CD spectrum of the freshly prepared reverse micelles showed a huge negative band around

270 nm.

This band is typical for DNA that is compacted by histone HI (Fasman et al., 1970; Moràn et

al., 1985) or by other condensing agents such as poly(ethylene oxide) (Jordan et al., 1972) or

polylysine (Carroll, 1972; Shapiro et al., 1969). The negative band around 270 nm became

smaller with time and shifted to lower wavelengths. After incubating the sample for one day the

CD spectrum was reminiscent of the CD spectra ofDNA in B-form. There was a positive band



around 275 nm and a negative band around 245 nm. But the positive band was smaller and the

negative band larger than in the case ofDNA in B-helix form. Shaking the sample after one day
incubation removed the positive band. The UV absorption of the positive control sample was

considerably smaller than the absorption ofthe negative control and the absorption ofDNA and

histone HI in separate reverse micelles.
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Fig. 31: Negative control: CD and UV/VIS spectra of herring DNA (2 mg/ml in buffer) and

buffer dissolved in separate l,2-dioctanoic-,s7?-glycero-3-priosphocholine reverse micellar

solutions (wq = 40) and then combined at a volume ratio of 1:1, A) freshly prepared sample,

B) after 2 h incubation, C) after 1 d incubation and D) sample shaken after 1 d incubation.

L (CD) = 0.5 cm, 1 (UV/VIS) = 1 cm, Tm = 25°, buffer: 140 mM NaF, 2 mM sodium phosphate

buffer, pH 7.

This hypochromic effect may be attributed to the condensation ofDNA (Imre et al., 1982). The

absorption at 260 nm diminished by 24% within one day but this effect was reversible by

shaking the sample. The UV/VIS spectra showed considerable scattering even though the

reverse micellar solutions were completely transparent. These data suggested that the

compaction of DNA by histone HI was unstable in 50 mM l,2-dioctanoic-,S7?-glycero-3-

phosphocholine/isooctane:hexanol 9:1 reverse micelles at wq 40 and that the compaction was

reversible.
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Fig. 32: Positive control: CD and UV/VIS spectra of herring DNA (2 mg/ml in buffer) and

histone Hl (0.8 mg/ml in buffer) were combined at equal volumes. Then this mixture was

dissolved in l,2-dioctanoic-sft-glycero-3-phosphocholine reverse micellar solution (w0 = 40),

A) freshly prepared sample, B) after 30 min incubation, C) after 1 h incubation, D) after 2 h

incubation, E) after 5 h incubation, F) after 1 d incubation and G) sample shaken after 1 d

incubation. L (CD) = 0.5 cm, 1 (UV/VIS) = 1 cm, Tm = 25°, buffer: 140 mMNaF, 2 mM sodium

phosphate buffer, pH 7.

Compaction of DNA by histone HI in buffer was investigated to compare it with DNA and

histone HI in reverse micelles. The question arose whether local or overall concentrations of

DNA and Histone HI were relevant. The case of the same local concentrations is depicted in

fig. 33 and the case of the same overall concentrations in fig. 34.

In the case of the same local concentrations, equal volumes of 2 mg/ml herring DNA (in
140 mM NaF, 2 mM sodium phosphate buffer, pH 7) and 0.8 mg/ml histone HI (in 140 mM

NaF, 2 mM sodium phosphate buffer, pH 7) were combined. Then CD and UV/VIS spectra of

this solution were collected (see fig. 33). It should be noted that this solution was turbid. The

CD spectra displayed the typical huge negative band around 270 nm that is usually attributed to

condensed DNA (Fasman et al., 1970; Moràn et al., 1985). The value of this negative band

increased up to 2 h and decreased afterwards. Shaking the sample after 1 d incubation enlarged



the negative band again. Absorption at 260 nm remained constant up to 1 d. Shaking the sample
after 1 d incubation had no significant effect. The UV/VIS spectra showed considerable

scattering.
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Fig. 33: CD and UV/VIS spectra of 2 mg/ml herring DNA in buffer and 0.8 mg/ml histone

HI in buffer, combined at a volume ratio of 1:1, A) freshly prepared sample, B) after 2 h

incubation, C) after 1 d incubation and D) sample shaken after 1 d incubation. L (UV/VIS and

CD) = 0.1 cm, Tm = 25°, buffer: 140 mM NaF, 2 mM sodium phosphate buffer, pH 7.
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Fig. 34: CD and UV/VIS spectra of 69 |lg/ml herring DNA in buffer and 28 |lg/ml histone HI

in buffer, combined at a volume ratio of 1:1, A) freshly prepared sample, B) after 30 min

incubation, C) after 1 h incubation, D) after 2 h incubation, E) after 5 h incubation, F) after 1 d

incubation and G) sample shaken after 1 d incubation. L (CD) = 0.5 cm, 1 (UV/VIS) = 1 cm, Tm
= 25°, buffer: 140 mM NaF, 2 mM sodium phosphate buffer, pH 7.

In the case of the same overall concentrations, 69 |lg/ml herring DNA (in 140 mM NaF, 2 mM

sodium phosphate buffer, pH 7) and 28 |lg/ml histone HI (in 140 mM NaF, 2 mM sodium

phosphate buffer, pH 7) were combined at equal volumes (fig. 34). The CD bands of the freshly

prepared solution were shifted to longer wavelengths and larger values of molar ellipticities

compared to the CD spectrum of B-type DNA. The negative band became larger and larger and

the positive band smaller and smaller. Both bands were shifted towards longer wavelengths

during prolonged incubation up to one day. Shaking the sample after 1 d incubation decreased

the negative band. The UV absorption at 260 nm increased up to 2 h and decreased again
afterwards. Shaking the sample had little effect on the UV absorption. This sample was

transparent but became slightly turbid after 1 d indicating that larger aggregates had formed.

This may account for the increased scattering in the UV/VIS spectra with time. It should be

noted that histone HI (in 2 mg/ml in 140 mM NaF, 2 mM sodium phosphate buffer, pH 7)



neither absorbs light above 240 nm nor has significant CD bands above this wavelength.
Whereas 18 |lg/ml DNA absorbs light up to 300 nm and has CD bands up to 300 nm (fig. 35).
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Fig. 35: CD and UV/VIS spectra of A) 18 ug/ml herring DNA in buffer and of B) 7.2 ug/ml
histone HI in buffer, 1 (CD) = 0.5 cm, 1 (UV/VIS) = 1 cm, Tm = 25°, buffer: 140 mM NaF, 2 mM

sodium phosphate buffer, pH 7.

Hence both positive controls in buffer displayed a different behaviour than DNA and histone

HI in reverse micelles. These findings suggested that the complexes of DNA and histone HI

were destabilised in lecithin reverse micelles with time.
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Fig. 36: CD and UV/VIS spectra of herring DNA (in buffer, 2 mg/ml) and histone HI (in

buffer, 3.5 mg/ml) dissolved in separate l,2-dioctanoic-sft-glycero-3-phosphocholine reverse

micellar solutions (w0 = 40) and then combined at equal volumes, A) freshly prepared sample,

B) after 2.5 h incubation, C) after 1 d incubation and D) sample shaken after 1 d incubation.

L (CD) = 0.5 cm, 1 (UV/VIS) = 1 cm, Tm = 25°, buffer: 140 mM NaF, 2 mM sodium phosphate
buffer, pH 7.

A hypothesis was that higher concentrations ofhistone HI were able to compact DNA in reverse

micelles. The histone HI concentration was increased 4.5 times. 3.5 mg/ml histone HI (in
140 mM NaF, 2 mM sodium phosphate buffer, pH 7) and 2 mg/ml herring DNA (in 140 mM

NaF, 2 mM sodium phosphate buffer, pH 7) were dissolved separately in 50 mM 1,2-dioctanoic-

,S7?-glycero-3-priosphocholine/isooctane:hexanol 9:1 reverse micellar solution (w0 = 40). Then

these two reverse micellar solutions were combined at a volume ratio of 1:1 (see fig. 36). CD

spectra were collected up to one day but all spectra looked alike, i. e. positive band at 275 nm

and negative values below 260 nm. The positive band is typical for DNA in B-form. Hence there

was no indication for solubilisate exchange between DNA and histone HI containing reverse

micelles and compaction ofDNA by histone HI.
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Fig. 37: CD and UV/VIS spectra of herring DNA (in buffer, 2 mg/ml) and histone HI (in
buffer, 3.5 mg/ml) mixed at 1:1 v/v ratio, and then dissolved in l,2-dioctanoic-,S7?-glycero-3-

phosphocholine reverse micellar solutions (w0 = 40), A) freshly prepared sample, B) after

30 min incubation, C) after 1 h incubation, D) after 2.5 h incubation. E) after 5 h incubation,

F) after 1 d incubation and G) sample shaken after 1 d incubation. L (CD) = 0.5 cm, 1 (UV/VIS)
= 1 cm, Tm = 25°, buffer: 140 mM NaF, 2 mM sodium phosphate buffer, pH 7.

2 mg/ml herring DNA (in 140 mM NaF, 2 mM sodium phosphate buffer, pH 7) and 3.5 mg/ml
histone HI (in 140 mM NaF, 2 mM sodium phosphate buffer, pH 7) were mixed at equal
volumes as a positive control. Then this aqueous mixture ofDNA and histone HI was dissolved

in 50 mM l,2-dioctanoic-OT-glycero-3-phosphocholine/isooctane:hexanol 9:1 reverse micellar

solution (final w0 40). The CD and UV/VIS spectra of this sample are depicted in fig. 37. This

sample was a clear solution and no precipitation was observed. The UV absorption at 260 nm

displayed a huge hypochromic effect usually attributed to condensed DNA (Imre et al., 1982).

Additionally, the UV absorption at 260 nm diminished by 75% within one day. But only a small

part of this decrease could be due to sedimentation as shaking the sample did not have a

significant effect on the UV absorption. There was a negative CD band around 275 nm that



vanished within one day. Condensed DNA usually displays a huge negative band in this region

(Jordan et al., 1972).
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Fig. 38: CD and UV/VIS spectra of 69 ug/ml herring DNA in buffer and 122 |ig/ml
histone HI in buffer, mixed at a volume ratio of 1:1, A) freshly prepared sample, B) after 30 min

incubation, C) after 1 h incubation, D) after 2.5 h incubation, E) after 5 h incubation, F) after

1 d incubation and G) sample shaken after 1 d incubation. L (CD) = 0.5 cm, 1 (UV/VIS) = 1 cm,

Tm = 25°, buffer: 140 mM NaF, 2 mM sodium phosphate buffer, pH 7.

A reference experiment was conducted in buffer. 69 ug/ml herring DNA (in 140 mM NaF,
2 mM sodium phosphate buffer, pH 7) and 122 ug/ml histone HI (in 140 mM NaF, 2 mM

sodium phosphate buffer, pH 7) were mixed at a volume ratio of 1:1 (the same overall

concentrations as DNA and histone HI in reverse micelles). The time course ofthe UV/VIS and

CD spectra is depicted in fig. 38. The freshly prepared, turbid sample had a huge negative CD

band around 275 nm. But after one day the CD spectrum was empty and the sample had clarified

except for a white precipitate. Also the UV absorption at 260 nm vanished almost completely
within one day. The chosen conditions appeared to promote slow precipitation ofDNA.

Another hypothesis was that a temperature increase might promote solubilisate exchange
between reverse micelles containing DNA and histone HI. Herring DNA (2 mg/ml in 140 mM

NaF, 2 mM sodium phosphate buffer, pH 7) and histone HI (0.8 mg/ml in 140 mM NaF, 2 mM



sodium phosphate buffer, pH 7) were dissolved in separate 50 mM l,2-dioctanoic-,s7?-glycero-

3-phosphocholine reverse micellar solutions (wq = 40). Then these two reverse micellar

solutions were combined at equal volumes and the sample was incubated at 50° (see fig. 39).
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Fig. 39: Effect of an elevated temperature (50°) on the CD and UV/VIS spectra of herring
DNA (2 mg/ml in buffer) and histone HI (0.8 mg/ml in buffer) dissolved in separate 1,2-

dioctanoic-sft-glycero-3-phosphocholine reverse micellar solutions (wq = 40) and then

combined at equal volumes, A) freshly prepared sample, B) after 2 h incubation, C) after 5 h

incubation, D) after 1 d incubation, E) sample shaken after 1 d incubation. L (CD) = 0.5 cm,

1 (UV/VIS) = 1 cm, Tm = 50°, buffer: 140 mM NaF, 2 mM sodium phosphate buffer, pH 7.

The CD spectra displayed a small positive band around 285 nm for the freshly prepared sample,
and this band increased during incubation. The negative band at 245 nm decreased slightly
within one day. The CD spectra of this sample after one-day incubation was reminiscent of the

B-form. The UV absorption at 260 nm decreased slightly within one day while a white

precipitate was formed. The absorption at 230 nm decreased greatly within one day, the values

were even negative then. l,2-dioctanoic-,S72-glycero-3-phosphocholine strongly absorbs light in

the region around 230 nm. These findings suggested that some l,2-dioctanoic-,S7?-glycero-3-

phosphocholine had precipitated.
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Fig. 40: CD and UV/VIS spectra of herring testes DNA (2 mg/ml in buffer) and histone HI

(0.8 mg/ml in buffer) dissolved in separate 50 mM l,2-dioctanoic-sft-glycero-3-phosphocholine
reverse micellar solutions (w0 = 20) and then combined at equal volumes, A) freshly prepared

sample, B) after 5 h incubation, C) after 1 d incubation and D) sample shaken after 1 d

incubation. L (CD) = 0.5 cm, 1 (UV/VIS) = 1 cm, Tm = 25°, buffer: 140 mMNaF, 2 mM sodium

phosphate buffer, pH 7.

Also the reference sample, i. e. buffer (140 mM NaF, 2 mM sodium phosphate buffer, pH 7) in

50 mM l,2-dioctanoic-OT-glycero-3-phosphocholine reverse micellar solutions (w0 = 40),
formed a white precipitate within one day. Therefore the mixture ofbuffer (140 mM NaF, 2 mM

sodium phosphate buffer, pH 7) and 50 mM l,2-dioctanoic-sft-glycero-3-phosphocholine
reverse micelles (w0 = 40) precipitated during elongated incubation at 50°. Hence incubation at

an elevated temperature was unsuitable for investigating solubilisate exchange behaviour of

50 mM l,2-dioctanoic-,s7?-glycero-3-priosphocholine reverse micelles at w0 40.

The effect ofthe smaller w0 20 was investigated. Herring DNA (2 mg/ml in 140 mM NaF, 2 mM

sodium phosphate buffer, pH 7) and histone HI (0.8 mg/ml in 140 mM NaF, 2 mM sodium

phosphate buffer, pH 7) were dissolved in separate 50 mM l,2-dioctanoic-s«-glycero-3-

phosphocholine reverse micellar solutions (w0 = 20). Then these separate DNA and histone HI

containing reverse micellar solutions were combined at equal volumes. The CD and UV/VIS



spectra are depicted in fig. 40. The CD spectra displayed B-type DNA, no DNA condensation

was visible and the spectra did not change with time. Also the UV spectra did not alter up to one

day. Neither the B-type CD spectra nor the UV spectra suggested that solubilisate exchange took

place between DNA and histone HI containing reverse micelles at w0 20.

DNA that is condensed by histone HI is rather unstable in l,2-dioctanoic-,S7?-glycero-3-

phosphocholine reverse micelles (compare fig. 32). It is possible that the surfactant 1,2-

dioctanoic-sft-glycero-3-phosphocholine promotes the instability of condensed DNA in 1,2-

dioctanoic-sft-glycero-3-phosphocholine reverse micelles. It was investigated whether aqueous

l,2-dioctanoic-5«-glycero-3-phosphocholine influenced the stability of the DNA and

histone HI complex.
A turbid solution was formed upon the dissolution of 50 mM l,2-dioctanoic-,S7?-glycero-3-

phosphocholine in buffer (140 mM NaF, 2 mM sodium phosphate buffer, pH 7). This turbid

solution separated into two phases within a few hours. The upper phase was clear and the lower

phase turbid. The upper phase consists of l,2-dioctanoic-sft-glycero-3-phosphocholine

spherical micelles at a concentration below 0.6 mM, and the turbid lower phase consists of large

disc-shaped or elongated cylindrical l,2-dioctanoic-5«-glycero-3-phosphocholine micelles

according to literature (de Haas et al., 1971). The cmc of l,2-dioctanoic-,s7?-glycero-3-

phosphocholine is 0.2 - 0.3 mM in 10 mM phosphate buffer, pH 6.9, as well as in 0.5 mM Tris,
100 mMNaCl, pH 6.5 (de Haas et al., 1971; Tausk et al., 1974). The l,2-dioctanoic-5«-glycero-

3-phosphocholine concentration of the clear upper phase was checked by a phosphate test

(Ames, 1966). The overall phosphate concentration of l,2-dioctanoic-,S7?-glycero-3-priospho-
choline (in 140 mM NaF, 2 mM sodium phosphate buffer, pH 7) was 3.06 mM ± 0.08; The

phosphate concentration of the buffer alone was 2.38 mM ± 0.15. Consequently, the 1,2-

dioctanoic-sft-glycero-3-phosphocholine concentration was about 0.6 mM as in literature (de
Haas et al., 1971).
69 ug/ml herring DNA in 0.6 mM l,2-dioctanoic-sft-glycero-3-phosphocholine spherical
micelles (in 140 mM NaF, 2 mM sodium phosphate buffer, pH 7) and 28 ug/ml histone HI in

0.6 mM l,2-dioctanoic-sft-glycero-3-phosphocholine spherical micelles (in 140 mM NaF,
2 mM sodium phosphate buffer, pH 7) were combined at equal volumes. The CD and UV/VIS

spectra are depicted in fig. 41. The freshly prepared turbid sample displayed a huge negative CD
band around 275 nm. This band became smaller with time and after one day incubation a zero

line was obtained. The sample formed a white precipitate after one day incubation. These CD

data suggested that DNA was condensed in the presence of histone HI and 0.6 mM 1,2-

dioctanoic-sft-glycero-3-phosphocholine spherical micelles but that DNA precipitated within

one day. The UV absorption at 260 nm of the above mentioned sample decreased by more than

90% within one day supporting the assumption that DNA precipitated within this time period.
This is in contrast to the findings when 69 ug/ml herring DNA (in 140 mM NaF, 2 mM sodium

phosphate buffer, pH 7) and 28 ug/ml histone HI (in 140 mM NaF, 2 mM sodium phosphate

buffer, pH 7) were combined at equal volumes (fig. 34). The CD bands of this sample were

shifted with time to longer wavelengths and more negative values of molar ellipticities. It is

likely that l,2-dioctanoic-s«-glycero-3-phosphocholine surfactants promote the precipitation of

DNA.
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Fig. 41: Influence of l,2-dioctanoic-sft-glycero-3-phosphocholine spherical micelles on

DNA and histone HI. CD and UV/VIS spectra of a 1:1 v/v mixture of 69 ug/ml herring DNA
in 0.6 mM l,2-dioctanoic-sft-glycero-3-phosphocholine spherical micelles in buffer and 28 ug/
ml histone HI in 0.6 mM l,2-dioctanoic-,S72-glycero-3-phosphocholine spherical micelles in

buffer, A) freshly prepared sample, B) after 30 min incubation, C) after 1 h incubation, D) after

2.5 h incubation, E) after 5 h incubation, F) after 1 d incubation and G) sample shaken after 1 d

incubation. L (CD) = 0.5 cm, 1 (UV/VIS) = 1 cm, Tm = 25°, buffer: 140 mM NaF, 2 mM sodium

phosphate buffer, pH 7.

The results presented in this subchapter suggest that DNA solubilised in 1,2-dioctanoic-src-

glycero-3-phosphocholine reverse micelles is not exchanged with other reverse micelles. But

the instability of condensed DNA in l,2-dioctanoic-OT-glycero-3-phosphocholine reverse

micelles makes it difficult to draw a definite conclusion. Therefore solubilisate exchange

experiments were conducted in AOT reverse micelles.

The behaviour of DNA and histone HI dissolved in separate AOT/isooctane reverse micellar

solutions was investigated. 2 mM sodium phosphate buffer, pH 7 without NaF was chosen as

buffer because a white precipitate was formed in the presence ofNaF in AOT reverse micelles.

The DNA concentration was set to 0.5 mg/ml because above this concentration, e. g. 1 mg/ml,
the CD spectra of DNA (in 2 mM sodium phosphate buffer, pH 7) in 102 mM AOT reverse



micelles were slightly distorted. The CD spectra showed B-type behaviour at 0.5 mg/ml DNA
in AOT reverse micelles (w0 = 20).
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Fig. 42: Time course of herring DNA (0.5 mg/ml in buffer) and histone HI (0.2 mg/ml in

buffer) dissolved in separate 102 mM AOT reverse micellar solutions (w0 = 20) and then

combined at equal volumes, A) freshly prepared sample, B) after 30 min incubation, C) after

1 h incubation and D) after 5 h incubation. L (CD) = 0.5 cm, 1 (UV/VIS) = 1 cm, Tm = 25°,
buffer: 2 mM sodium phosphate buffer, pH 7.

0.5 mg/ml DNA (in 2 mM sodium phosphate buffer, pH 7) and 0.2 mg/ml histone HI (in 2 mM

sodium phosphate buffer, pH 7) were dissolved in separate 102 mM AOT/isooctane reverse

micellar solutions. Then these reverse micellar solutions were combined at equal volumes. The

CD and UV/VIS spectra are depicted in fig. 42. The CD spectra displayed B-type behaviour up

to 5 h and there was no significant change in the absorption at 260 nm within the same time

period.
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Fig. 43: Positive control: CD and UV/VIS spectra of herring DNA (0.5 mg/ml in buffer) and

histone Hl (0.2 mg/ml in buffer) combined at equal volumes and then dissolved in 102 mM

AOT reverse micellar solution (w0 = 20), A) freshly prepared sample and B) after 5 h

incubation. L (CD) = 0.5 cm, 1 (UV/VIS) = 1 cm, Tm = 25°, buffer: 2 mM sodium phosphate

buffer, pH 7.

As a positive control, DNA (0.5 mg/ml in 2 mM sodium phosphate buffer, pH 7) and histone

HI (0.2 mg/ml in 2 mM sodium phosphate buffer, pH 7) were mixed at 1:1 v/v ratio. Then this

mixture was dissolved in 102 mM AOT/isooctane reverse micelles. These CD spectra also

displayed B-type behaviour up to 5 h and the UV absorption at 260 nm did not change

significantly in this time period (see fig. 43). Hence no visible compaction of DNA by histone

HI (in 2 mM sodium phosphate buffer, pH 7) in 102 mM AOT/isooctane reverse micelles

occurred. Consequently it was not possible to investigate the solubilisate exchange behaviour

between AOT reverse micelles with this system.
The data presented in this subchapter support the hypothesis that l,2-dioctanoic-,S7?-glycero-3-

phosphocholine reverse micelles do not exchange large macromolecules (DNA and histone HI)
solubilised in their water pools. This is in contrast to the findings of Balestrieri et al. (1999) that



CTAB reverse micelles exchange solubilisâtes such as poly(A) and poly(T). It has not been

possible yet to clarify this contradiction.



4.3. Studies of EGFP Synthesis in Reverse Micelles

Reverse micelles offer compulsory compartmentation. Therefore reverse micelles seemed to be

a suitable choice to investigate the in vitro protein synthesis and the effect of compartmentation
on the in vitro protein synthesis.
There had been only one single publication about cell-free protein synthesis in reverse micelles

(Nametkin et al., 1992). The short human interleukin 2 protein (156 amino acids long) was

synthesised in vitro in 150 mM Brij 96/cyclohexane reverse micelles. The w0 varied between

17 and 32. The reverse micelles were broken and the radiolabelled protein was detected via gel

electrophoresis. Protein synthesis in Tween 85/isopropylpalmitate reverse micelles was

achieved in vivo (Haering et al., 1987). ß-galactosidase was synthesised in e. coli cells

harbouring plasmid encoding for this protein. Hence in vitro and in vivo protein synthesis
should be possible in reverse micelles.

A cell free protein synthesis in reverse micelles was studied by a direct detection method. EGFP

was chosen because of its intrinsic fluorescence. The formation of EGFP can easily be

monitored by measuring the increase in fluorescence intensity.
The cell free EGFP synthesis was carried out with a commercially available extract called e. coli

T7 S30 extract system for circular DNA (consisting of two liquids called Premix and S30-

extract). A mixture of 20 amino acids and a plasmid encoding the desired gene had to be added.

A plasmid encoding the gene for EGFP with a T7 Promotor was chosen. This circular DNA was

called pWM T7 EGFP. The concentrations in aqueous solution were Premix 2:3 v/v, S30-extract

3:7 v/v, 20 amino acids (0.2 mM each) and 80 ng/ul pWM T7 EGFP. Preliminary experiments
showed that the e. coli T7 S30 extract system for circular DNA promoted turbid reverse micellar

solutions and sedimentation of the micellar droplets.

4.3.1. Evaluation of Reverse Micellar Systems

To enable fluorescence measurements of a reverse micellar system, the reverse micellar solution

should be transparent. Fluorescence spectroscopy is easily amendable to such a system. One

would like to follow the time course of the EGFP synthesis therefore sedimentation of the

reverse micellar droplets should not occur. Additionally, a high water content is an advantage
because less EGFP needs to be synthesised per ul water to be visible in the fluorophotometer.
Several reverse micellar systems were investigated. The most promising ones were Brij 96/

cyclohexane, Brij 30/octane, AOT/isooctane, l,2-dioctanoic-.w-glycero-3-phosphocholine in

isooctane: 1-hexanol 9:1 v/v and Tween 85/Span 80/hexadecane.

The stability of the systems mentioned above was examined, i. e. it was checked whether

sedimentation occurred within 3 h. The S30-extract of the e. coli T7 S30 extract system for

circular DNA contained the ribosomes and therefore a strong UV absorption around 260 nm. In

the cases of AOT/isooctane and Brij 30/octane this absorption was used to monitor the stability
of the reverse micellar droplets. This was not possible with the other systems because those

surfactants had an intrinsic strong absorption in this region. The fluorescent dye and protein
EGFP was chosen to monitor whether sedimentation occurred. The assumption was that the

fluorescence intensity of EGFP would decrease in case of sedimentation of reverse micellar

droplets.

Brij 96 and Brij 30 did not dissolve completely in cyclohexane resp. octane. Both surfactants

were added to the chosen organic solvents and then were stirred for several hours at

temperatures that were 10° below the boiling points of the utilised organic solvents. Small

amounts of a white solid were found after cooling down the solutions, irrespective of whether

the surfactant concentration was 10 or 150 mM. These suspensions were centrifuged at 1200



rpm for 2 min in a Hermle centrifuge to remove this white solid. It was roughly estimated that

the removed white solid was about 5 - 10%> of the initially added surfactant.

About 140 mM Brij 30/octane reverse micelles containing 1.8% v/v S30-extract diluted with

water (3:7 v/v) was slightly turbid. The absorption at 260 nm diminished by 6%> within 3 h, and

this effect was reversible by shaking the sample.
The stability of about 140 mM Brij 96/cyclohexane was tested with the fluorescent protein
EGFP. The aqueous solution was a mixture of Premix, S30-extract and 20 amino acids at the

usual working concentrations but it also contained 50 ng/ul EGFP. 3.5% v/v aqueous solution

was added to Brij 96/cyclohexane in one sample. This reverse micellar solution was slightly
turbid and sedimentation was visible by eye after 3 h. The fluorescence intensity of EGFP

dissolved in the reverse micelles did not change within this time period. 1.8% v/v of the above

mentioned aqueous solution was added to Brij 96/cyclohexane in another sample. This solution

was clear, and sedimentation was not detected by eye or by fluorescence spectroscopy within

3h.

An aqueous solution (1.8%) v/v) was added to 90 mM Tween 85:Span 80 9:1 v/v in hexadecane.

The aqueous solution consisted of Premix, S30-extract and 20 amino acids at the recommended

concentrations and 50 ng/ul EGFP. The fluorescence intensity remained constant up to 3 h but

the sample was turbid.

50 mM l,2-dioctanoic-5«-glycero-3-phosphocholine in isooctane: 1-hexanol 9:1 v/v was tested

with the aqueous mixture of Premix, S30-extract, 20 amino acids and pWM T7 EGFP at the

usual concentrations. But even at the very low water content of 0.5% v/v, i. e. w0 5, the reverse

micellar solution was turbid and sedimentation occurred (detectable by eye).
Also 100 mM AOT/isooctane reverse micelles were tested with an aqueous mixture of Premix,
S30-extract and 20 amino acids. A white precipitate formed upon addition of 1.8% v/v aqueous

mixture (w0 =10).

Consequently 140 mM Brij 96 in cyclohexane containing 1.8% v/v aqueous solution was

chosen to investigate the synthesis of EGFP in reverse micelles.

4.3.2. The EGFP Reaction in Reverse Micelles

The cell-free EGFP formation worked well in aqueous solution at 23° and at 37° (see fig. 44).
The synthesis ofEGFP was much faster at 37° than at 23°. 3 h after the sample preparation, the

fluorescence intensity was 3 times higher when the sample was incubated at 37° than when it

was incubated at 23°.

EGFP synthesis was carried out in about 140 mM Brij 96/cyclohexane reverse micelles with 1.8

and 3.5%) v/v aqueous solution. The aqueous phase consisted of Premix (diluted 2:3 v/v), S30-

extract (diluted 3:7 v/v), 20 amino acids (0.2 mM each) and 80 ng/ul pWM T7 EGFP. Both

samples did not show any fluorescence increase up to 3 h at 23°. The same result was found for

about 140 mM Brij 96/cyclohexane reverse micelles with 1.8% v/v aqueous solution at 37°.

A typical result, in this case reverse micelles with 1.8% v/v aqueous solution incubated at 23°,
is depicted in fig. 45. The fluorescence intensity remained almost constant up to 3.5 h. Therefore

no or no detectable amount of EGFP was synthesised in this reverse micellar solution.

The positive control, EGFP synthesis in water, worked well. There was a considerable

fluorescence increase within 60 min and then a slight increase up to 3.5 h. EGFP, which had

been synthesised in water for 3.5 h, was added to about 140 mM Brij 96/cyclohexane reverse

micellar solution (1.8% v/v aqueous solution). The fluorescence intensity of this sample was

slightly larger than that of EGFP in water. This indicated that the emission maximum was not

shifted and that EGFP was visible at such a concentration in reverse micellar solution.
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Fig. 44: Cell-free EGFP synthesis in aqueous solution A) at 23° and B) at 37°. Samples were

diluted prior to measurements (1.8% v/v of initial concentration). Excitation at 488 nm,

emission max at 511 nm.
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Fig. 45: Cell-free EGFP formation at 23°, A) in about 140 mM Brij 96/cyclohexane reverse

micelles containing 1.8% v/v aqueous solution, B) in water and C) EGFP that was formed in

water within 3.5 h was added to about 140 mM Brij 96/cyclohexane reverse micelles (1.8% v/

v aqueous solution). The aqueous solution consisted of Premix 2:3 v/v, S30-extract 3:7 v/v, 0.2

mM 20 amino acids and 80 ng/ul pWM T7 EGFP. In B) samples were diluted with water prior
to measurements (1.8% v/v of initial concentration). Excitation at 488 nm, emission max at

511 nm.

The EGFP synthesis was also studied in AOT reverse micelles. The required components were

dissolved in 103 mM AOT/isooctane reverse micelles (w0 = 10). Incubation at 37° for up to 2.5

h did not result in any fluorescence increase at 511 nm when the sample was excited at 488 nm.

Consequently, no or no detectable amount of EGFP was synthesised in AOT reverse micelles.

The question arose whether the surfactants Brij 96 and AOT inhibited the EGFP formation.

AOT or Brij 96 (at a final concentration of 29 mM) were dissolved in the usual aqueous mixture



for EGFP synthesis, i. e. Premix, S30-extract, 20 amino acids and plasmid pWM T7 EGFP. The

same experimental setup without added surfactant was chosen as a positive control. The time

course of these samples that were incubated at 37° is depicted in fig. 46. The highest
fluorescence intensity values after incubation for 1 and 4 h were obtained for the positive
control. Whereas in the case of added Brij 96, fluorescence intensity only reached values half

of the positive control and in the case of added AOT, there was a negligible intensity increase

without a peak at 511 nm. Hence the EGFP synthesis seemed to be inhibited slightly by Brij 96

and strongly by AOT.

This is in keeping with the results published in literature. In vitro synthesis of the protein
interleukin 2 was not achieved in AOT reverse micelles but worked in Brij 96 reverse micellar

solution (Nametkin et al., 1992), and DNA polymerase did not function in AOT reverse micelles

whereas it functioned in Brij 58 reverse micelles (Anarbaev et al., 1998). The inhibition of the

above mentioned reactions by AOT is usually attributed to the ability of AOT to bind Mg2+
9-1-

because these reactions do not proceed without Mg (Eicke et al., 1984). Polymerisation of
9-1-

ADP by polynucleotide Phosphorylase required a higher Mg concentration in AOT reverse

micelles than in buffer and the efficiency of the polymerisation in the reverse micelles was

9-1-

directly proportional to the Mg concentration in the AOT reverse micelles (Walde et al.,

1994).
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Fig. 46: EGFP synthesis in aqueous solution at 37° in the presence of A) 29 mM Brij 96, B)
29 mM AOT and C) in the absence of added surfactant. The aqueous solution consisted of

Premix 2:3 v/v, S30-extract 3:7 v/v, 0.2 mM 20 amino acids and 80 ng/ul pWM T7 EGFP.

Samples were diluted with water prior to measurements (1.8% v/v of initial concentration).
Excitation at 488 nm, emission max at 511 nm.

There were several possibilities why the synthesis of functional EGFP did not take place in

Brij 96 reverse micelles whereas Nametkin et al. (1992) achieved the formation of interleukin 2

in the same reverse micellar system. The main differences are the lengths of the amino acid

sequences and the detection methods.

Interleukin 2 is 156 amino acids long whereas EGFP consists of 238 amino acids. Consequently,
it should be easier to synthesise interleukin 2 than EGFP as transcription and translation must

proceed longer for the EGFP to be completed. EGFP was directly detected by fluorescence

spectroscopy whereas interleukin 2 was indirectly detected on a gel after extracting the

radiolabelled protein out ofthe reverse micellar solution. In the latter case, it is unknown where



the interleukin was exactly located, in the waterpool of the reverse micelles or on the walls of

the reaction vial. And only the length of interleukin 2 was verified but it was not tested whether

the protein functioned. In the case of EGFP, the functional protein present in the water pool
would be detected by fluorescence spectroscopy.

Enzymatic polymerisation of ADP to poly(A) in AOT reverse micelles resulted in the

precipitation of poly(A) out of the reverse micelles. Poly(A) was not detectable inside the

reverse micelles (Walde et al., 1994). DNA products of 11-22 nucleotide length were

synthesised on the template poly(dT) with the primer oglio(dA) in Brij 58 reverse micelles

whereas much longer DNA was produced in water. This synthesis in reverse micellar solution

only occurred during the first minute. The reverse micellar solution was broken and the length
was determined by gel electrophoresis (Anarbaev et al., 1998). Again it is not clear where

exactly the DNA was located, in the water pool of reverse micelles or on the walls of the

reaction vial.

Hence the reasons, why the cell-free EGFP synthesis failed in reverse micelles, could be

manifold. There were several hypothesis. For instance, RNA polymerase did not transcribe the

complete gene, mRNA was very unstable in the utilised reverse micellar systems, translation

did not work properly, the correctly transcribed/translated product was not folded properly or

the cyclisation of the fluorophore ofEGFP did not take place and therefore the fluorophore was

not formed.

Some of the hypothesis above could have been checked by breaking the reverse micellar

solutions. The breaking procedure used by Anarbaev et al. (1998) was tested on radiolabelled

DNA in Brij 96 reverse micelles. DNA was synthesised in this reverse micellar solution by
terminal transferase but the yield of extracted DNA varied greatly in a completely

unreproducible way. Additionally, a kinetic study of the DNA polymerisation in reverse

micelles gave illogical results. Hence the cell-free EGFP synthesis was studied in larger

compartments such as w/o emulsions.



5. Cell-Free Protein Synthesis in W/O Emulsions

The complex biochemical process of in vitro transcription and translation was carried out in

cell-sized compartments. EGFP and BFP were chosen for cell-free protein synthesis in

emulsion droplets. EGFP and BFP were used because their intrinsic fluorescence indicate the

synthesis of functional proteins. That is why GFP is a popular marker for gene expression

(Chalfie et al., 1994). The intrinsic fluorescence originates from a special structure called ß-can
and the fluorophore, three amino acids that are cyclised and consequently oxidised (Cubitt et

al., 1995; Ormö et al., 1996; Yang et al., 1996).
The synthesis of functional fluorescent protein was detected by the appearance of fluorescence

that was followed in real time with fluorescence microscopy. It was looked for conditions under

which two or more compartments, containing different reagents necessary for EGFP synthesis,

exchange solubilisate with each other. Therefore the various components to yield the final

product were distributed in separate compartments.

5.1. Evaluation of W/O Emulsion Compositions

A 4.5%) v/v Span 80/0.5%) v/v Tween 80/5% aqueous solution/mineral oil emulsion was chosen

as a starting point for the w/o emulsion evaluation because this kind of emulsion was used first

for protein synthesis by Tawfik et al. (1998). It is milky and therefore not so suitable for direct

detection of fluorescence in emulsion droplets.
The EGFP synthesis was studied in this 4.5% v/v Span 80/0.5%) v/v Tween 80/5% aqueous

solution/mineral oil emulsion droplets. Emulsion droplets containing the components for the

EGFP synthesis emitted green fluorescence under the fluorescence microscope after incubation.

The negative control that contained the mixture necessary for EGFP synthesis without the

appropriate plasmid displayed green droplets under the fluorescence microscope. It is likely that

the emulsion droplets of the negative control turned green due to stray light. Consequently, no

detectable amount ofEGFP was synthesised in these emulsion droplets (T Oberholzer, personal

communication).
Evaluation of the stirring speeds 500 and 1500 rpm on 4.5% v/v Span 80/0.5%) v/v Tween 80/

5% aqueous solution/mineral oil emulsion showed that the higher stirring speed produced a

more stable emulsion (see fig. 47).

Comparison of turbidity measurements of 4.5% v/v Span 80/0.5%) v/v Tween 80/5% aqueous

solution/mineral oil emulsion (white suspension), 2.25% v/v Span 80/0.25%) v/v Tween 80/

2.5%) aqueous solution/mineral oil emulsion (white suspension) and 0.45% v/v Span 80/0.05%)

v/v Tween 80/0.5% aqueous solution/mineral oil emulsion (turbid suspension) revealed that all

these emulsions were physically unstable due to sedimentation ofthe emulsion droplets (see fig.

48). Also the rather diluted emulsions - 0.45% v/v Span 80/0.04% v/v Tween 80/0.1% v/v

Trition X-100/0.5% aqueous solution/mineral oil emulsion and 0.45% v/v Span 80/0.05%) v/v

Phytantriol/0.5%) aqueous solution/mineral oil emulsion - were tested. The 0.45% v/v Span 80/

0.04%) v/v Tween 80/0.1%) v/v Trition X-100/0.5%) aqueous solution/mineral oil emulsion was

inapplicable because the emulsion droplets burst on the microscopy slide within seconds to

minutes. The 0.45% v/v Span 80/0.05%) v/v Phytantriol/0.5%) aqueous solution/mineral oil

emulsion was unsuitable because after one hour incubation at 37° it contained mainly strangely

shaped huge droplets that were not round.
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Fig. 47: Effect of the stirring speed on 4.5% v/v Span 80/0.5%) v/v Tween 80/5% aqueous

solution/mineral oil emulsion, the emulsions were incubated without stirring, A) 500 rpm,

B) 1500 rpm, Tm = 25°, 1 = 1 cm.

Time [h]

Fig. 48: Stability of different emulsions, Tm = 25°, A) 4.5% v/v Span 80/0.5% v/v Tween 80/

5% aqueous solution/mineral oil emulsion, 1 = 0.2 cm, B) 2.25% v/v Span 80/0.25%) v/v Tween

80/2.5%) aqueous solution/mineral oil emulsion, 1 = 1 cm, C) 0.45% v/v Span 80/0.05%) v/v

Tween 80/0.5% aqueous solution/mineral oil emulsion, 1 = 1 cm.

Therefore the slightly turbid emulsion 0.45% v/v Span 80/0.05%) v/v Tween 80/0.5%) aqueous

solution/mineral oil emulsion was chosen for experiments of protein synthesis in emulsion

droplets. Droplets of 0.45% v/v Span 80/0.05%) v/v Tween 80/0.5%) aqueous solution/mineral

oil emulsion were stable on a microscopy slide for a minimum of a few minutes but some

survived longer than 15 minutes.

The stability of the 0.45% v/v Span 80/0.05%) v/v Tween 80/0.5%) aqueous solution/mineral oil

emulsion was not improved by continued stirring or shaking of the prepared emulsion. When

the emulsion was stirred at 100 or 250 rpm with a magnetic bar it became completely

transparent within 24 h. Shaking the emulsion at speeds up to 300 rpm in an incubator did not



prevent sedimentation of the emulsion droplets as was easily seen by eye. Incubation of the

emulsions with or without shaking did not result in a visible difference between the emulsions.

Additionally, there were no detectable differences concerning the size of the emulsion droplets
irrespective of whether an emulsion was prepared at 4° and incubated at 25° or 37° or an

emulsion was prepared at 25° and incubated at 25° or 37°.

All the following experiments of cell-free protein synthesis in emulsion droplets were

conducted in 0.45% v/v Span 80/0.05%) v/v Tween 80/0.5%) aqueous solution/mineral oil

emulsion.

The standard procedure of the emulsion preparation was as follows: Firstly, 2 or 3ml freshly

prepared 0.45% v/v Span 80/0.05%) v/v Tween 80/mineral oil solution were stirred at 1500 rpm

with a magnetic bar (1.5 * 0.6 cm) in 5 ml glass vials (cylindric with an inner diameter of

1.7 cm). Then 10 or 15 ul aqueous solution were added in 5 ul aliquots to the stirred surfactant

oil solution within 2 min. The stirring was continued for another minute. Aliquots of about 500

ul were incubated at 37° protected from light without shaking or stirring in 14 ml round-bottom

Falcon tubes made of polypropylene.
These 0.45% v/v Span 80/0.05%) v/v Tween 80/0.5%) aqueous solution/mineral oil emulsions

were very polydisperse. The size range visible by light microscopy was between one and a few

hundred micrometers (see fig. 49). The size of the vast majority of the emulsion droplets was
below 30 um. Unfortunately, droplets with a size below 30 urn were too small for investigating
the EGFP synthesis in them because the fluorescence of EGFP was too weak for that. The size

of the emulsion droplets changed with time after the emulsion preparation. Freshly prepared
emulsions hardly ever contained droplets that were larger than 100 um. After some incubation

such as 1 h a few droplets were usually found that were larger than 100 urn. But the vast maj ority
of droplets still was below 30 urn in diameter. These findings suggested that the droplet size

increased with time.

1-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90

size [urn]

Fig. 49: Size of 0.45% v/v Span 80/0.05% v/v Tween 80/0.5% aqueous solution/mineral oil

emulsion droplets that were visible on a typical micrograph.

5.2. Amplification of the Plasmid Used for BFP Synthesis

The plasmid pQBI T7 BFP (commercially available at a concentration of 0.5 ug/ul, 5115 bp),

encoding the gene for BFP, was used for the cell-free BFP synthesis. This plasmid was amplified
to obtain larger amounts at a higher concentration. The plasmid pQBI T7 BFP was amplified in



HBlOl e. coli bacteria and purified with a 'QIAGEN plasmid maxi kit' according to the

instructions of the manufacturer. The yield was 250 ug at a concentration of 1 u.g/u.1.
The obtained plasmid was analysed by agarose gel electrophoresis with Lambda DNA-BstE II

digest and 1 kbp DNA ladder as references. The undigested commercially available and

amplified plasmids exhibited both a strong band at about 2500 bp and a weak band at about

6000 bp. Commercially available and amplified pQBI T7 BFP plasmids were digested with the

restriction enzyme EcoRI. Both digests displayed bands a bit above 5000 bp. Amplified and

commercially available plasmid pQBI T7 BFP gave equal results in the cell-free BFP synthesis
in aqueous solution (see fig. 50). The conclusions were that the right plasmid had been amplified
and the amplified and the commercially available plasmid were of comparable quality.
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Fig. 50: Cell-free BFP synthesis in aqueous solution at 37° with 80 ng/ul A) amplified and

B) commercially available pQBI T7 BFP plasmid, C) negative control with 80 ng/ul pBR322

plasmid, samples were diluted 1:56 v/v with water prior to measurements, excitation at 3 87 nm,

emission max at 445 nm, Tm = 25°, concentrations refer to undiluted solutions.

5.3. Cell-Free Protein Synthesis in Aqueous Solution

The kinetics of the cell-free EGFP and BFP synthesis in aqueous solution and in w/o emulsion

droplets was investigated. The cell-free protein synthesis was carried out with a commercially
available e. coli T7 S30 extract system for circular DNA (consisting of two liquids called

Premix and S30-extract). A plasmid carrying the desired gene and a mixture of 20 amino acids

had to be added. According to the manufacturer, this e. coli T7 S30 extract system for circular

DNA is suitable for plasmids carrying a T7 promotor and terminator. The plasmid pWM T7

EGFP was used for the cell-free transcription/translation of EGFP whereas pQBI T7 BFP was

used for the synthesis of BFP.

The required ingredients for the protein production in bulk aqueous solution were combined on

ice and were afterwards incubated at 37° protected from light. The overall concentrations were

0.2 mM of each of the 20 amino acids and 80 ng/ul plasmid. Premix was diluted 2:3 v/v and

S30-extract was diluted 3:7 v/v. An aliquot was taken from the stock solution at each time point.
It was diluted with water and the fluorescence intensity was measured.
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Fig. 51: UV/VIS spectra of aqueous solutions of A) Premix diluted 1:9 v/v B) S30-extract

diluted 1:9 v/v C) 0.2 mM mixture of 20 amino acids. Tm = 25°, 1 = 1 cm.

The UV/VIS measurements of the individual ingredients necessary for the cell-free protein
formation revealed that S30-extract absorbed light up to a wavelength of 600 nm (see fig. 51).
Therefore control experiments were necessary to check for intrinsic fluorescence of S30-

extract. Such negative control experiments showed whether the measured fluorescence of the

samples was emitted by a fluorescent protein or was intrinsic to the S30-extract.

A mixture ofpWM T7 EGFP, 20 amino acids, Premix and S30-extract was used for the EGFP

synthesis. A mixture of Premix, S30-extract, 20 amino acids and the plasmid cloning vector

pBR322 at the usual concentrations were chosen as a negative control. The plasmid pBR322 is

a cloning vector lacking the T7 promotor and terminator, and pBR322 does not carry a gene for

cell-free protein synthesis. Therefore nothing on this vector should get transcribed by the T7

RNA polymerase present in the e. coli T7 S30 extract system for circular DNA (Studier et al.,

1986).
The kinetics of the EGFP formation at different plasmid concentrations is depicted in fig. 52.

The EGFP synthesis rate depended strongly on the pWM T7 EGFP concentration. The EGFP

synthesis was faster during the first hour after sample preparation at a pWM T7 EGFP plasmid
concentration of 80 ng/ul than afterwards. The synthesis continued for several hours afterwards

at a lower rate. The EGFP synthesis was much slower at a pWM T7 EGFP concentration of

240 ng/ul and stopped completely within two hours. Whereas the EGFP synthesis at a plasmid
concentration of 40 ng/ul was slightly slower during the first hour after sample preparation but

faster within the next four hours than at a plasmid concentration of 80 ng/ul.
The negative control (Premix, S30-extract, 20 amino acids and 80 ng/ul pBR322 plasmid) had

a negligible fluorescence intensity that is about 50 times lower than the fluorescence intensity
of the EGFP synthesis with 80 ng/ul pWM T7 EGFP after five hours. 2 independent

experiments showed that the data of the EGFP synthesis with 80 ng/ul pWM T7 EGFP and of

the negative control were reproducible.
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Fig. 52: Cell-free EGFP synthesis in aqueous solution at 37°, samples were diluted 1:56 v/v

with water prior to measurements, excitation at 488 nm, emission max at 509 nm, Tm = 25°.

EGFP synthesis with A) 40 ng/ul pWM T7 EGFP plasmid, B) and C) 80 ng/ul pWM T7 EGFP

plasmid (2 independent experiments), D) 240 ng/ul pWM T7 EGFP plasmid, E) and F) negative
control with 80 ng/ul pBR322 (2 independent experiments). Concentrations refer to undiluted

solutions.
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Fig. 53: Cell-free EGFP synthesis did not take place in aqueous solution at 4°, A) mixture for

cell-free EGFP synthesis with plasmid pWM T7 EGFP and B) negative control, mixture for

cell-free protein synthesis with plasmid pBR322. Samples were diluted 1:200 v/v with water

prior to measurements, excitation at 488 nm, emission max at 509 nm, Tm = 25°.

An unexpected finding was that the higher the plasmid concentration in the initial sample

preparation (and so probably a higher mRNA concentration) the fewer EGFP was synthesised
within five hours. A possible explanation could be that a high level of mRNA can cause

ribosome destruction and cell death of e. coli (Baneyx, 1999; Miroux et al., 1996).
Please note that the same arbitrary units (a.u.) for fluorescence intensities are used throughout



this thesis to ensure the comparability of the results depicted in the different figures.
It was also investigated whether the EGFP synthesis occurred at a low temperature such as 4°.

There was not any EGFP production within 7 hours when samples were prepared and incubated

at 4° (see fig. 53). The fluorescence intensity values for the EGFP synthesis at 4° and the

negative control at 4° were alike.

200000

5

— 150000
>.
+j

<«
c

| 100000

<L>
O

C

| 50000

S>
o

_3

0

0 5 10 15 20 25 30

ng/|xl EGFP

Fig. 54: Calibration curve of ng/ul EGFP in aqueous solution (local concentration), samples
were diluted 1:56 v/v with water prior to measurements, excitation at 488 nm, emission max at

509 nm, Tm=25°.

A calibration curve correlating fluorescence intensities to ng/ul EGFP is shown in fig. 54. For

this Premix, S30-extract, 20 amino acids and the plasmid pBR322 at the usual concentrations

were mixed with known amounts of commercially available EGFP. Then the fluorescence of

these mixtures was measured. Premix, S30-extract, 20 amino acids and the plasmid pBR322
were added to ensure the same background fluorescence occurred as in the case of the cell-free

EGFP synthesis. The plasmid pBR322 was used instead of pWM T7 EGFP to prevent the

synthesis ofEGFP. The detection limit ofEGFP in aqueous solution was between 0.1 ng/ul and

1 ng/ul. The amount of EGFP synthesised is displayed in table 1. The linear relationship of

fluorescence intensity vs ng/ul EGFP was (obtained from fig. 54):

ng/ul EGFP = (fluorescence intensity in a.u. + 5.0 ± 2072) / (6278 ± 159)

The time course of the cell-free BFP synthesis and the negative control of it is depicted in fig.
55. The cell-free BFP synthesis was carried out with a mixture ofPremix, S30-extract, 20 amino

acids and the plasmid pQBI T7 BFP. A mixture of Premix, S30-extract, 20 amino acids and the

plasmid pBR322 was used for the negative control. The samples were incubated in both cases

at 37° protected from light. The fluorescence intensities of the cell-free BFP synthesis sample
increased for 2 h and stayed constant afterwards. Consequently BFP was synthesised for 2 h

after sample preparation. The fluorescence intensity ofthe negative control increased with time.

The Fluorescence intensities of synthesised BFP reached values that were five times higher than

the values of the negative control within three hours after sample preparation. The difference

between the fluorescence values of the fluorescent protein synthesis sample and the negative
control was much larger for EGFP than for BFP.

Also BFP synthesis was prevented at 4°, and the values were the same as for the negative control

(see fig. 56).
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Fig. 55: Cell-free BFP synthesis in aqueous solution at 37°, samples were diluted 1:56 v/v

with water prior to measurements, excitation at 387 nm, emission max at 445 nm, Tm = 25°. A)
BFP synthesis with 80 ng/ul pQBI T7 BFP plasmid, B) negative control with 80 ng/ul pBR322

plasmid. Concentrations refer to undiluted solutions.
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Fig. 56: A) Cell-free BFP synthesis did not take place in aqueous solution at 4°, B) negative

control, samples were diluted 1:56 v/v with water prior to measurements, excitation at 387 nm,

emission max at 445 nm, Tm = 25°.

5.4. Cell-Free Protein Synthesis in Emulsion Droplets

The cell-free EGFP and BFP synthesis worked well in aqueous solution. There was a large
fluorescence intensity difference between the cell-free fluorescent protein synthesis samples
and the negative control samples. It was likely that these syntheses might also work in large

compartments such as w/o emulsion droplets.
A rather diluted w/o emulsion system consisting of 0.45% v/v Span 80 (10.4 mM), 0.05% v/v

Tween 80 (0.4 mM), 0.5% v/v aqueous solution (w0 = 26) and mineral oil was used. The same



system but 10 times more concentrated had been used before for protein synthesis in w/o

emulsions (Tawfik et al., 1998).
A pWM T7 EGFP concentration of 80 ng/ul was chosen for the EGFP formation in emulsion

droplets because a fast cell-free protein synthesis within a short period of time seemed to be

suitable (see fig. 52). Sawasaki et al. (2002) found that in a confined space the cell-free protein

synthesis yielded a low amount of protein and the synthesis stopped completely within a short

period of time. Whereas in the case of a continuous supply of substrate, the cell-free protein

synthesis continued for a longer time and the yield of protein was higher.

Samples for the EGFP synthesis were prepared at 4°, i.e. components needed for the synthesis
in aqueous solution were combined at this temperature and the emulsification was also carried

out at 4°. The preparation was done this way to ensure that the EGFP synthesis took place in the

emulsion droplets and that the synthesis did not start until the emulsion droplets had formed. It

had been shown before that the cell-free EGFP synthesis did not take place at 4° (see fig. 53).

Plasmid Premix S30-extract 20 Amino acids

Aqueous mixture of Plasmid, Premix,

S30-extract and 20 Amino acids:

cell-free protein synthesis mixture

Emulsification at 4°

Cell-free protein synthesis mixture

in w/o emulsion droplets

Fig. 57: Schematic presentation of the experimental setup for the cell-free fluorescent protein

synthesis in emulsion droplets (the 'one batch' case).

A schematic presentation of the experimental setup for the cell-free EGFP synthesis in w/o

emulsion droplets is depicted in fig. 57. The time course of the cell-free EGFP formation in

emulsion droplets was examined. Typical micrographs are shown in fig. 59. The kinetics of

three independent experiments is depicted in fig. 58. An identical experiment was chosen as a

negative control but the EGFP encoding plasmid pWM T7 EGFP was exchanged by the plasmid
cloning vector pBR322. Two independent negative control experiments did not exhibit any

fluorescence up to 21 hours. This was visible by eye on the micrographs and was reconfirmed

by computer evaluation of droplets on the micrographs. The EGFP synthesis in emulsion

droplets only proceeded for about 45-60 min. The fluorescence intensity remained constant

from 60 min up to 21 h. EGFP was synthesised in aqueous solution for at least 5 hours even



though the synthesis was faster during the first hour after sample preparation than later on. A

couple of independent experiments showed that the results of the EGFP synthesis in aqueous

solution and in emulsion droplets and of the negative controls were reproducible.
Droplets in the size range of 30-60 um were evaluated because the fluorescence of the

synthesised EGFP in emulsion droplets was dependent on the droplets size. The fluorescence of

EGFP in the emulsion droplets was to weak for evaluating droplets below 30 um.

A plasmid concentration of 80 ng/ul aqueous solution and an amino acid concentration of

0.2 mM (local concentration of each amino acid) seem to be rather low. But at that

concentrations, on average an emulsion droplet with a diameter of 30 um contained about

3*106 pWM T7 EGFP molecules (3026 bp) and about 1*107 molecules of each amino acid and

an emulsion droplet with a diameter of 60 urn even contained about 2*10 pWM T7 EGFP
o

molecules and about 1*10 molecules of each amino acid. Therefore there should be plenty of

plasmid and amino acids in each emulsion droplet that is at least 30 urn in size. The

manufacturer did not disclose the contents of Premix and S30-extract and its concentrations.

Hence it was not possible to make such calculations for the compounds in Premix and S30-

extract.
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Fig. 58: Kinetics of the cell-free EGFP synthesis in emulsion droplets, preparation at 4°,
incubation at 37°, on average 10 droplets with diameters of 30-60 urn were evaluated per time

point, cell-free EGFP synthesis in emulsion droplets (A, B and C are three independent

experiments) and negative control (D and E are two independent experiments).



Fig. 59: Cell-free EGFP synthesis in 0.45% v/v Span 80/0.05% v/v Tween 80/0.5% v/v

aqueous solution/mineral oil emulsion droplets, preparation at 4°, incubation at 37°. a) 0 min,

b) 11 min, c) 23 min, d) 32 min, e) 44 min, f) 57 min, g) 21 h. Negative control h) 0 min, i) 21 h.

The bar represents 50 um.

Fig. 60: Micrographs of x ng/ul EGFP in emulsion droplets a) 0 ng/ul, b) 1 ng/ul, c) 5 ng/ul,

d) 7.5 ng/ul, e) 10 ng/ul, f) 20 ng/ul, the bar represents 50 urn.

It was not possible to investigate the cell-free EGFP synthesis in emulsion droplets by
fluorescence spectroscopy. The obtained emission intensity was huge compared to the emission



intensity ofEGFP in water. This was probably due to the scattering of light because ofthe large
emulsion droplets. Additionally a peak in the region of 509 nm (emission peak of EGFP) was

not observed and intensity values did not indicate any correlation with the EGFP concentration

in the emulsion droplets.
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Fig. 61: Calibration curve of ng/ul EGFP in emulsion droplets (local concentration), on

average 10 droplets with diameters of 30-60 urn were evaluated per EGFP concentration.

A calibration curve of EGFP in emulsion droplets is depicted in fig. 61 and the corresponding
micrographs are shown in fig. 60. Known amounts of commercially available EGFP were

mixed with the usual amounts ofPremix, S30-extract, 20 amino acids and pBR322. The cloning
vector pBR322 was used instead of the plasmid pWM T7 EGFP to prevent the synthesis of

EGFP. The detection limit ofEGFP in emulsion droplets was between 1 ng/ul and 5 ng/ul (local

concentration). The linear relationship between the mean fluorescence intensity and the local

concentration of EGFP was (obtained from fig. 61):

ng/ul EGFP = (mean fluorescence intensity in a.u. + 2.72 ± 0.74) / (1.06 ± 0.08)

The calculated EGFP concentrations ofthe EGFP synthesis in aqueous solution and in emulsion

droplets at several time points are depicted in table 1.

The most striking differences when one compares the data in fig. 52, fig. 58 and table 1 are that

higher EGFP concentrations were obtained in aqueous solution and that the EGFP synthesis

proceeded in water for a longer time period than in emulsion droplets. The EGFP synthesis in

emulsion droplets proceeded for about 1 h. About 5ng/ul EGFP were synthesised within 30 min

and about 7.5 ng/ul within 1 h. The EGFP production in bulk aqueous solution was faster than

in emulsion droplets. In the case of bulk aqueous solution, circa 7.5 ng/ul EGFP were

synthesised within 30 minutes, 10.5 ng/ul within 1 hour and 16 ng/ul within 5 hours.

Hence the EGFP formation in emulsion droplets was about 30% lower than in bulk aqueous

solution during the first hour after sample preparation. The detection limit of EGFP in aqueous

solution is lower than in emulsion droplets, below 1 ng/ul in aqueous solution compared to

below 5 ng/ul in emulsion droplets.



Tab. 1: Amount ofEGFP synthesised in emulsion droplets and in aqueous solution.

in emulsion droplets in aqueous solution

time in h ng/ul EGFP time in h ng/ul EGFP

0 0.8 ±0.9 0 0.2 ±0.3

0.5 5.2 ±1.2 0.5 7.5 ±0.7

1 7.5 ± 1.8 1 10.5 ±0.5

4 7.4 ± 1.8 5 15.8 ± 1.1

The formation of BFP in emulsion droplets was investigated. Please see fig. 57 for a schematic

presentation of the experimental setup for the cell-free BFP synthesis in emulsion droplets. The

same surfactant/oil system as for the EGFP synthesis in emulsion droplets was used, i.e. 0.45%

v/v Span 80 (10.4 mM), 0.05% v/v Tween 80 (0.4 mM), 0.5% v/v aqueous solution (w0 = 26)
and mineral oil. The aqueous solution consisted of Premix, S30-extract, 20 amino acids and

80 ng/ul pQBI T7 BFP plasmid. An identical system was used for the negative control but BFP

gene encoding plasmid pQBI T7 BFP was replaced by pBR322, a plasmid cloning vector

lacking the gene for BFP and lacking the T7 promotor for transcription. The time course of the

BFP production in emulsion droplets is depicted in fig. 62. Several micrographs of the BFP

synthesis and the negative control are shown in fig. 63. The BFP synthesis in emulsion droplets
and the negative control displayed a fluorescence increase with time. But the increase was

greater in the case of the BFP production. Additionally, there was a clear indication that the

fluorescence was more intense for emulsion droplets containing BFP than for the negative
control from three hours on after sample preparation. BFP synthesis in emulsion droplets

proceeded for a period of about three hours. Whereas EGFP was synthesised in emulsion

droplets only for a period of one hour.

Fig. 62: Kinetics of A) cell-free BFP synthesis in emulsion droplets and B) negative control,

preparation at 4°, incubation at 37°, on average 4 droplets with diameters of 30-60 urn were

evaluated per time point.



Fig. 63: Cell-free BFP synthesis in emulsion droplets, preparation at 4°, incubation at 37°.

a) 15 min, b) 1.25 h, c) 3.25 h, d) 5 h, e) 23 h. Negative control f) 30 min, g) 1.5 h, h) 5.25 h,

i) 23.25 h. The bar represents 50 um.

There are only few reports of in vitro transcription or translation in compartments, such as giant

vesicles, liposomes and reverse micelles depicting a time course of the synthesis. Fischer et al.

(2002) found that the mRNA synthesis of pWM T7 EGFP plasmid by T7 RNA polymerase in

giant vesicles proceeded for about 45min. Whereas the cell-free transcription/translation of the

plasmid pWM T7 EGFP (synthesis ofEGFP) with the aid of an e. coli extract did not take place
in giant vesicles. This was probably due to dilution of the components required for the cell-free

protein synthesis (Fischer, 2000). Oberholzer et al. (2002) ascertained that the in vitro EGFP

synthesis from plasmid pWM T7 EGFP with an e. coli extract proceeded in conventional

liposomes for only 10 min. The in vitro translation of the template poly(uridine) to

poly(phenylalanine) in conventional liposomes occurred for 15-20 min (Oberholzer et al.,

1999). The DNA polymerisation in reverse micelles occurred only for the first minute after

sample preparation (Anarbaev et al., 1998). It was found in the present work that the cell-free

EGFP synthesis proceeded in emulsion droplets for about 45-60 min.

Giant vesicles are of about the same dimension as emulsion droplets but both type of

compartments are larger than conventional liposomes and these are larger than reverse micelles.

The above mentioned data suggest that in vitro translation and transcription proceeds for a

longer time in larger compartments than in smaller ones.



5.5. Solubilisate Exchange between W/O Emulsion

Droplets

Solubilisate exchange behaviour of w/o emulsion droplets was investigated in 0.45% v/v

Span 80/0.05%) v/v Tween 80/0.5%) v/v aqueous solution/mineral oil emulsion droplets with the

help of the cell-free EGFP synthesis.
The ingredients necessary for the EGFP formation in aqueous solution, i.e. Premix, S30-extract,
20 amino acids and plasmid pWM T7 EGFP, were added alone or together with another

ingredient to separate organic surfactant solutions and were emulsified. These two or three

separate emulsions were combined, gently mixed and then examined for the formation ofEGFP.

The synthesis of EGFP indicated that solubilisate exchange occurred between emulsion

droplets.
The overall concentration of the components in the aqueous phase in the emulsion droplets
seemed to be a critical parameter for the cell-free protein synthesis. In a solubilisate exchange

experiment with an excess of 20 amino acids, i.e. overall residual components were more

diluted than in the 'one batch' case, only slightly greenish droplets, but none exhibiting proper

green fluorescence, were observed after incubation of the samples for a couple of hours. It had

been found before that dilution with water prior to the start of the cell-free EGFP synthesis
destructed this synthesis (Fischer, 2000) whereas the cell-free EGFP synthesis continued when

the reaction mixture was diluted after the start of the reaction (M. Voser, personal

communication). Therefore the overall concentration of required components in the aqueous

phase ought to have the same concentration as in the 'one batch' case.
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Fig. 64: Setup for solubilisate exchange experiments involving two or three separate
emulsions. A) two separate emulsions: amino acids dissolved in one emulsion and extract

(= Premix and S30-extract) and gene dissolved in another separate emulsion, B) two separate
emulsions: amino acids and gene dissolved in one emulsion and extract dissolved in another

separate emulsion, C) three separate emulsions: amino acids dissolved in one emulsion, gene

dissolved in another separate emulsion and extract dissolved in another separate emulsions.



Solubilisate exchange experiments involving two separate emulsions were conducted. In one

experiment a mixture of 20 amino acids (2 mM each) was emulsified in one organic surfactant

solution. The rest of the required ingredients for protein synthesis (90 ng/ul pWM T7 EGFP,
Premix diluted 4:5 v/v and S30-extract diluted 1:2 v/v) were emulsified in a separate organic
surfactant solution (for setup see fig. 64 A). One volume of the former emulsion was combined

with 9 volumes of the latter emulsion. In another experiment a mixture of pWM T7 EGFP

plasmid (0.4 ug/ul) and 20 amino acids (1 mM each) was emulsified in an organic surfactant

solution and Premix (diluted 1:1 v/v) and S30-extract (diluted 3:5 v/v) were emulsified in a

separate organic surfactant solution (for setup see fig. 64 B). One volume of the former

emulsion was combined with four volumes of the latter emulsion. Some droplets with strong

green fluorescence, some with weak green fluorescence and some with no fluorescence at all

were observed in both experiments after one hour incubation at 37° (see fig. 65).
For a more advanced solubilisate exchange experiment with three separate emulsions (for setup

see fig. 64 C), the plasmid pWM T7 EGFP (0.8 |ig/ul) was emulsified in one organic surfactant

solution, a mixture of20 amino acids (2 mM each) was emulsified in a second organic surfactant

solution and a mixture of Premix (diluted 1:1 v/v) and S30-extract (diluted 3:5 v/v) was

emulsified in a third organic surfactant solution. These three separate emulsions were combined

at a volume ratio of 1:1:8 in the order mentioned above. The concentrations in the aqueous part

were chosen in such a way that after combining the three different emulsion the overall

concentrations in the aqueous part was 80 ng/ul for the plasmid pWM T7 EGFP, 0.2 mM for

each of 20 amino acids, Premix was diluted 4:6 v/v and S30-extract was diluted 3:7 v/v. The

same experimental setup was used for the negative control but the plasmid pWM T7 EGFP was

exchanged by the plasmid pBR322.
The kinetics of two independent solubilisate exchange experiments is depicted in fig. 67,

several micrographs in fig. 66. The micrographs show that there were droplets with strong

fluorescence, others with weak fluorescence and some others with no fluorescence at all. Hence

in some droplets a large amount ofEGFP was synthesised, in others only a small amount and in

some other droplets no or no detectable amount of EGFP was formed. The huge error bars in

fig. 67 express the same result. The kinetics shown in fig. 67 indicates that EGFP was

synthesised up to about one hour.

It was rather surprising that EGFP in a solubilisate exchange experiment was synthesised for

about the same time period as in the case of the 'one batch' EGFP synthesis in emulsion

droplets, where all the components required for the protein synthesis were first mixed and then

dispersed in an organic surfactant solution (see fig. 58). So the process leading to the synthesis
of EGFP, i.e. solubilisate exchange between emulsion droplets, seemed to be on a rather short

time scale like seconds or minutes.

The average fluorescence intensity ofEGFP in emulsion droplets in the 'one batch' case and in

the case of droplet solubilisate exchange between three separate emulsions were of about the

same values. This was an unexpected finding because in the case of solubilisate exchange some

droplets exhibited bright fluorescence, some weak fluorescence and some no fluorescence at all.

In the 'one batch' case, the fluorescence intensity was more uniformly distributed throughout
the droplets than in the case of droplet solubilisate exchange of three separate emulsions with

its huge error bars. Consequently, the fluorescence in some droplets of the 'solubilisate

exchange' case was brighter and therefore more EGFP was synthesised in them than in the 'one

batch' case. A possible explanation was that the components required for the cell-free EGFP

synthesis were present in these droplets at more ideal concentrations than in the rest of the

droplets of the 'solubilisate exchange' case and the 'one batch' case.



Fig. 65: Solubilisate exchange between droplets of two separate emulsions (0.45% v/v Span
80/0.05%) v/v Tween 80/0.5%) v/v aqueous solution/mineral oil), preparation at 4°, incubation

for 1 h at 37°. a) one emulsion contained a mixture of 20 amino acids and another separate
emulsion contained a mixture ofpWM T7 EGFP, Premix and S30-extract, combination ofthese

two emulsions at a volume ratio of 1:9, b) one emulsion contained a mixture of 20 amino acids

and pWM T7 EGFP plasmid, another separate emulsion contained a mixture ofPremix and S30-

extract, combination of these two emulsions at a volume ratio of 1:4. The bar represents 50 urn.

Fig. 66: Solubilisate exchange between 0.45% v/v Span 80/0.05% v/v Tween 80/0.5% v/v

aqueous solution/mineral oil emulsion droplets, one emulsion contained pWM T7 EGFP

plasmid, another emulsion contained a mixture of 20 amino acids and the third emulsion

contained a mixture ofPremix and S30-extract, combination ofthese three emulsion at a volume

ratio of 1:1:8, preparation at 25°, incubation at 37°. a) 0 min, b) 15 min, c) 30 min, d) 45 min,

e) 60 min, f) 90 min, g) 3 h. Negative control h) 0 min, i) 3 h. The bar represents 50 um.



Fig. 67: Kinetics of solubilisate exchange between w/o emulsion droplets (0.45% v/v Span
80/0.05%) v/v Tween 80/0.5%) v/v aqueous solution/mineral oil emulsion), one emulsion

contained pWM T7 EGFP plasmid, another emulsion contained a mixture 20 amino acids and

the third emulsion contained a mixture of Premix and S30-extract, combination of these three

emulsions at a volume ratio of 1:1:8, preparation at 25°, incubation at 37°. A) and B) are two

independent experiments, C) negative control, an identical experimental setup but plasmid

pBR322 was used instead of the plasmid pWM T7 EGFP. On average 10 droplets with a

diameter of 30-60 urn were evaluated per time point.

The conclusions were that 0.45% v/v Span 80/0.05%) v/v Tween 80/0.5%) v/v aqueous solution/

mineral oil emulsion droplets exchange solubilisâtes such as macromolecules. The cell-free

protein synthesis is a suitable reaction to investigate solubilisate exchange between emulsion

droplets. The solubilisate exchange between emulsion droplets was fast because there were not

any significant differences between the cell-free EGFP synthesis time course of the 'one batch'

case and the 'solubilisate exchange' case.



6. Conclusions and Outlook

The DNA in AOT reverse micelles was in its condensed form at a high DNA concentration

(4 mg/ml) whereas it was in B-form at a low DNA concentration (0.5 mg/ml). 4 mg/ml DNA in

AOT reverse micelles formed large aggregates in the size ranges of 2 urn and 200 nm. It has not

been known yet that DNA in reverse micelles forms aggregates in the micrometer size range.

AOT reverse micelles containing DNA at a high concentration (4 mg/ml) may be used as a

model for condensed DNA in nuclei but AOT does not occur naturally and is harmful. AOT
9-1- 9-1-

binds Mg ions and inhibits biochemical reactions that require Mg ions. Hence it appears

important to check whether lipids such as naturally occurring lecithins also induce the

condensed form of DNA in lecithin reverse micelles. DNA containing reverse micelles

composed of naturally occurring lecithins might be used as a model for DNA in cell nuclei

because lecithin is closer to nature than AOT.

Solubilisate exchange between l^-dioctanoic-sw-glycero-S-phosphocholine reverse micelles

was investigated. Small organic molecules such as FDP and proteins such as APase are

exchanged between reverse micellar water pools, which reconfirms observations in literature.

It is likely that large biomacromolcules such as DNA are not exchanged between reverse

micellar waterpools. It was reported that the polynucleotides poly(A) and poly(T) dissolved in

reverse micelles are exchanged between waterpools. Further investigations are required to draw

a definite conclusion.

The cell-free protein synthesis was studied in reverse micelles and in w/o emulsions. EGFP was

not formed in reverse micelles whereas EGFP and BFP were synthesised in w/o emulsions.

The EGFP and BFP synthesis in w/o emulsions are an important step towards a simple reliable

model for compartment chemistry. The EGFP and BFP formation was evaluated for emulsion

droplets in the size range of 30-60 urn. The fluorescence intensity of EGFP and BFP was too

low to evaluate smaller droplets. Hence a brighter GFP mutant may allow one to evaluate

protein synthesis in emulsion droplets that are in the same size range as naturally occurring cells

(10-30 urn). A red shifted mutant of GFP may minimize background fluorescence because

background fluorescence of cell extracts decreases from the blue to the green to the red

wavelength region. The yield of synthesised protein might depend on the compartment size.

This interesting question also needs further investigation.
The emulsion droplets were rather unstable on the microscopy slides. An improvement of the

stability may enable the monitoring ofthe EGFP and BFP synthesis in a single emulsion droplet
in real time.

The utilised plasmid concentration was quite high, i.e. on average in a 30 urn emulsion droplet
more than 106 pWM T7 EGFP plasmid molecules were present. It would be interesting to know

the required minimal plasmid concentration that enables the cell-free protein synthesis in a

compartment of a specific size and whether this minimal concentration depends on the droplet
size.

The EGFP formation in emulsion droplets even took place when the required components had

been dispersed in separate emulsions, and then these emulsions were combined. This suggested
that the emulsion droplets exchanged solubilisâtes. The synthesis of EGFP proceeded after

dispersing the required components in two or three separate emulsions that were combined

afterwards. Such a synthesis may also work when the required components are dispersed in

more than 3 separate emulsions that are combined afterwards. An open question is what is the

maximum number of separate emulsions that still allow cell-free protein synthesis after

solubilisate exchange.
This may allow one to modulate complex biochemical reactions in various compartments.



Additionally, such solubilisate exchanging emulsion droplets may be used as a simple model for

symbiogenesis.



G. Materials and Methods

7. Chemicals

l,2-dioctanoic-5«-glycero-3-phosphocholine was obtained from Avanti Polar Lipids

(Birmingham, AL, US). Brij 30, Brij 96, Span 80, Tween 85, Triton X-100 (polyethyleneglycol

tert-octylphenyl ether, for molecular biology), histone from calf thymus and deoxyribonucleic
acid sodium salt from herring testes were purchased from Fluka (Buchs, Switzerland). AOT and

Tween 80 (both SigmaUltra approx. 99%) and mineral oil (for molecular biology, M-5904) were
obtained from Sigma (St. Louis, MO, US). Phytantriol (3,7,11,15-tetramethyl-hexadecane-

1,2,3,-triol) was obtained from Aldrich (Buchs, Switzerland).
Plasmid pBR322 (4361 bp), alkaline Phosphatase (APase, calf intestinal, 10000 U/ml, about

5 mg/ml), oglio(dA)18, restriction enzyme EcoRI, X DNA-i/wd III digest, pBR322 DNABstN I

digest, 100 bp DNA ladder and 1 kb DNA ladder were purchased from New England BioLabs,
Inc. (Beverly, MA, US).
Histone HI, 95% pure, was obtained from Upstate Biotechnology, Lake Placid, NY, US.

Fluoresceindiphosphate (FDP) and YO-PRO-1 (4-[3-methyl-2(3H)-benzoxazolylidene)

methyl]-l-[3-(trimethyl ammonnium) propylj-quinolinium diiodide were purchased from

Molecular Probes, Inc. (Eugene, OR, US).
[oc-35S]ATP and ATP was obtained from Amersham (UK).
Gel electrophoresis was performed with molecular biology certified Agarose, ultra pure DNA

grade agarose (Bio-Rad Laboratories, Hercules, CA, US).
E. coli T7 S30 extract system for circular DNA, terminal transferase (30 U/ul) and HB 101

competent cells (9.3*10 cfu/ug) were obtained from Promega Cooperation (Madison, WI, US).
Recombinant EGFP was obtained from BD Biosciences, (Clontech, Basel, Switzerland). The

plasmid pWM T7 EGFP (3026 bp) and a mixture of 20 amino acids (AA) were bought from

BioTecon (Zürich, Switzerland). The plasmid pQBI T7 BFP (5115 bp) was obtained from

Qbiogene, Inc. (Carlsbad, CA, US). Plasmid purification was carried out with a QIAGEN

plasmid maxi kit obtained from QIAGEN AG (Basel, Switzerland).

Ampicillin was bought from Roche Diagnostics GmbH (Mannheim, Germany). Trypton

peptone (pancreatic digest of casein) and yeast extract (extract of autolysed yeast cells) were

obtained from Becton Dickinson and Company (Sparks, MD, US). Bacto-agar was purchased
from Difco Laboratories (Detroit, Michigan, US).
The other chemicals were of the purest grade available or of p. a. grade. The water used was

deionised with a MilliQ RG system (Millipore, Bedford, MA, US) and sterilised at 121°

(> 20 min).



8. Instruments

8.1. Centrifuges

An ALC micro Centrifuge 4214 (ALC, Milano, Italy) was used for Eppendorftubes and a BHG

Hermle Z 320 K centrifuge was used for Falcon and test tubes. Ultracentrifugation was

performed in a Beckman L8-60M ultracentrifuge.

8.2. Circular Dichroism Spectropolarimeter

CD spectra were recorded on a JASCO J-600 spectropolarimeter equipped with a thermostated

cell holder. Quartz cells (Hellma, Germany) were used.

8.3. Dynamic Light Scattering

The apparatus for dynamic light scattering consisted of a Innova 70 Coherent argon ion laser

(A, = 488 nm), a digital autokorrelator (ALV 5000) and an ALV-laser goniometer (model ALV7

SP-125 S/N49/).

8.4. Fluorophotometer

Fluorescence spectra were collected on a SPEX Fluorolog F112XE with the help of a dm3000

software package (SPEX Industries, Inc., Edison, N.J., US). 500 ul Quartz cells (Hellma,

Germany) with a path length of 0.5 cm were used.

8.5. Gel Electrophoresis

A model MPH Multi Purpose from International Biotechnologies Inc. (MN, US) was used for

gel electrophoresis.

8.6. Microscope

An inverse light microscope of the type Axiovert 135TV (Carl Zeiss AG, Switzerland) was

used. Live pictures were obtained with a CCD C5810 colour camera (Hamamatsu, Japan) and

were recorded with the help ofthe programme HpdCpx (Hamamatsu, Japan). A LD-Achroplan-

objective with a 20:1 magnification and a numerical aperture of 0.4 was used.

8.7. Sonicator

A Sonifier 250 from Branson (American Technology Inc., US) was used as a tip sonicator and

a Bandelin Sonorex RK 100H (IG Instrumenten Gesellschaft, Switzerland) was used as a bath

sonicator.



8.8. UV/VIS-Spektrophotometer

UV/VIS-spectroscopy was performed on a Varian Cary IE instrument at 25° unless otherwise

stated. Quartz cells (Hellma, Germany) were used.



9. Experimental Procedures

9.1. Reverse Micellar Solutions

9.1.1. DNA in AOT Reverse Micelles and Reference System

AOT/isooctane solution was filtered with Millex-GV 0.22 urn filters (Millipore Corporation,
Bedford, US) to remove dust. DNA was solubilised in the isooctane micellar solutions by direct

injection techniques, i.e. adding a few microliters of DNA stock solution (4 mg/ml or 0.5 mg/
ml) and then vortexing the mixture for 2 min.

DNA containing reverse micelles were treated in three different ways. One way was that the

reverse micelles were directly transferred to the measuring cell after preparation and the cell

was stored without shaking between measurements. Another way was that the reverse micelles

were directly transferred to the measuring cell after preparation but the cell was turned over

10 times prior to each measurement. And the third way was that samples were centrifuged for

20 min at 6000 rpm in a centrifuge for Eppendorftubes, the supernatant was directly transferred

to the measuring cell and the cell was stored without shaking between measurements.

To extract the DNA from reverse micelles the solution was simply transferred to a glass vial

with a large surface. A precipitation was obtained after 12 h. The supernatant was removed and

the resulting DNA dried with nitrogen and resuspended in water.

For the sonication experiment, DNA containing reverse micellar solutions were sonified in a

stoppered test tube in a bath sonicator at 25°.

For reference experiments, the same number of microliters of water or buffer was added to

AOT/isooctane or DNA solution was added to water or buffer.

9.1.2. APase and FDP in Reverse Micelles

Aqueous FDP (5 uM in 50 mM Tris-HCl, 10 mM MgCl2, 100 mM NaCl, 1 mM dithiothreitol,

pH 7.9 at 25°) was dissolved in 50 mM l^-dioctanoic-sw-glycero-S-phosphocholine/
isooctane: 1-hexanol 9:1 v/v by the direct injection method (the final w0 varied between 5 and

40). Then the mixture was vortexed for 30 s. APase (2.5 |lg/ml in 50 mM Tris-HCl, 10 mM

MgCl2, 100 mM NaCl, 1 mM dithiothreitol, pH 7.9 at 25°) was dissolved in another separate

reverse micellar solution (50 mM l,2-dioctanoic-sft-glycero-3-phosphocholine/isooctane:l-
hexanol 9:1 v/v) by the same technique (the same w0 as for FDP in reverse micelles was used).
250 ul reverse micelles containing FDP were transferred to a 0.5 cm fluorescence quartz cell.

250 ul reverse micelles containing APase were also transferred to the same measuring cell and

the solutions were mixed by up and down pipetting for 10 times. Fluorescence spectra were

collected at various time points. The excitation was at 490 nm and the emission maximum was

at 523 nm. The slits of the fluorophotometer were set to 2/2/3/3.

For reference experiments aqueous FDP and APase solutions of the same local concentrations

as above were mixed at equal volumes and fluorescence emission was measured at various time

points. The samples were diluted prior to the measurements.

9.1.3. DNA and YOPRO in Reverse Micelles

Herring DNA (1 mg/ml) was dissolved in 50 mM l^-dioctanoic-sw-glycero-S-phosphocholine/
isooctane: 1-hexanol 9:1 v/v by the direct injection method (w0 = 20). Then the mixture was



vortexed for 30 s. Also YOPRO (10 uM in watenDMSO 99:1 v/v) was dissolved in 50 mM 1,2-

dioctanoic-sft-glycero-3-phosphocholine/isooctane:1-hexanol 9:1 v/v by the direct injection
method (w0 = 20). Then the mixture was vortexed for 30 s. 250 ul reverse micelles containing
DNA were transferred to a 0.5 cm fluorescence quartz cell. 250 ul reverse micelles containing
YOPRO were also transferred to the same measuring cell and the solutions were mixed by up

and down pipetting for 10 times. Fluorescence spectra were collected at various time points.
Excitation was at 491 nm and the emission maximum at 509 nm. Slits of the fluorophotometer
were set to 1/1/3/3.

As a positive control herring DNA (1 mg/ml) and YOPRO (10 uM in watenDMSO 99:1 v/v)
were mixed at equal volumes and this mixture was dissolved in 50 mM 1,2-dioctanoic-src-

glycero-3-phosphocholine/isooctane: 1-hexanol 9:1 v/v by the direct injection method (the final

w0 was 20) and was vortexed for 30 s. Fluorescence spectra were collected at various time

points.

9.1.4. DNA and Histone H1 in Reverse Micelles

Herring DNA (2 mg/ml in 140 mM NaF, 2 mM sodium phosphate buffer, pH 7) was dissolved

in 50 mM l,2-dioctanoic-s«-glycero-3-phosphocholine/isooctane:1-hexanol 9:1 v/v by the

direct injection method (the final w0 was 20 or 40). Then the mixture was vortexed for 30 s.

Also histone HI (0.8 mg/ml or 3.5 mg/ml in 140 mM NaF, 2 mM sodium phosphate buffer, pH

7) was dissolved 50 mM l,2-dioctanoic-OT-glycero-3-phosphocholine/isooctane:l-hexanol 9:1

v/v by the direct injection method (the final w0 was the same as for DNA in reverse micelles).
Then the mixture was vortexed for 30 s. The reverse micelles containing DNA were transferred

to an Eppendorf tube and an equal amount of histone HI containing reverse micelles were also

transferred to the same tube and the solutions were mixed by vortexing. CD and UV spectra

were collected at various time points at 25° or at 50°.

As a positive control, herring DNA (2 mg/ml in 140 mM NaF, 2 mM sodium phosphate buffer,

pH 7) and histone HI (0.8 mg/ml or 3.5 mg/ml in 140 mM NaF, 2 mM sodium phosphate buffer,

pH 7) were mixed at equal volumes and this mixture was dissolved in 50 mM 1,2-dioctanoic-

sw-glycero-S-phosphocholine/isooctane: 1-hexanol 9:1 v/v by the direct injection method (the
final w0 was 20 or 40) and was vortexed for 30 s. CD and UV spectra were collected at various

time points.
Such experiments were also conducted in 102 mM AOT/isooctane reverse micelles according
to the method mentioned above. 0.5 mg/ml herring DNA (in 2 mM sodium phosphate buffer,

pH 7) and 0.2 mg/ml histone HI (in 2 mM sodium phosphate buffer, pH 7) were used.

For reference experiments equal volumes of herring DNA and histone HI (in 140 mM NaF,
2 mM sodium phosphate buffer, pH 7; the same local or overall concentrations as in reverse

micellar solutions) were mixed and CD and UV spectra were collected at various time points.

Preparation of spherical l,2-dioctanoic-.w-glycero-3-phosphocholine micelles: 50 mM 1,2-

dioctanoic-sft-glycero-3-phosphocholine was dissolved in 140 mM NaF, 2 mM sodium

phosphate buffer, pH 7 and the obtained turbid solution separated into two phases overnight.
The upper layer was transparent and about 0.6 mM in l^-dioctanoic-sw-glycero-S-

phosphocholine. Herring DNA and histone HI were dissolved in separate 0.6 mM in 1,2-

dioctanoic-sft-glycero-3-phosphocholine micelles at the usual overall concentration. Then these

reverse micellar solutions were combined at equal volumes. CD and UV/VIS spectra were

collected a various time points.



9.1.5. Studies of EGFP Synthesis in Reverse Micelles

The cell free EGFP synthesis was carried out with a commercially available extract called e. coli

T7 S30 extract system for circular DNA (consisting of two liquids called Premix and S30-

extract). A mixture of 20 amino acids and a plasmid encoding the desired gene (pWM T7 EGFP)
were added. The concentrations in the aqueous solution usually were Premix 2:3 v/v, S30-

extract 3:7 v/v, 0.2 mM 20 amino acids and 80 ng/ul pWM T7 EGFP.

150 mM Brij 96 or Brij 30 were dissolved in cyclohexane or octane by heating to 70° resp. 115°

under stirring in a tightly stoppered round bottom flask. After cooling down the solution, a small

amount ofwhite precipitate had formed. This suspension was centrifuged for 2 min at 1200 rpm

in a Hermle centrifuge. The clear supernatant only was used for experiments.
A typical preparation (50 ul) of the mixture for the cell-free EGFP synthesis was prepared on

ice in the following manner: 20 ul Premix was first added to an Eppendorftube, then 15 ul S30-

extract, then 5 ul mixture of 20 AA (2 mM of each AA), then 8 ul water and then 2 ul 2 u,g/ul

pWM T7 EGFP were added in this order. This aqueous mixture was shaken.

The aqueous cell-free EGFP synthesis mixture was solubilised in reverse micellar solutions by
the direct injection technique, i.e. adding a few microliters of aqueous stock solution (cell-free
EGFP synthesis mixture) and then vortexing the mixture briefly. The reverse micellar solution

was transferred to a fluorescence cell and fluorescence emission spectra were collected at

various time points (excitation at 488 nm and emission max at 511 nm, slits of the

fluorophotometer were set to 1/1/3/3). Reference experiments of the in vitro transcription and

translation of pWM T7 EGFP were conducted in aqueous solution. The required components

were mixed at the usual concentrations and the mixture was incubated at 23 or at 37°. A 7.2 ul

aliquot was diluted with 400 ul water and fluorescence emission was measured at various time

points.
The influence of Brij 96 and AOT on the aqueous cell-free EGFP synthesis mixture was

investigated. An appropriate amount of Brij 96 and AOT were put in separate Eppendorf tubes

and the aqueous cell-free EGFP synthesis mixture was added and the surfactants were dissolved

by vortexing. Fluorescence intensity was measured at 3 time points and compared to a positive
control of the aqueous cell-free EGFP synthesis mixture without added surfactant.

9.2. Preparation of Herring Testes DNA

20 mg herring testes DNA was added to a 10 ml test tube and 5 ml water was added. This

mixture was vortexed and then sonified on ice with the help of a tip sonicator for a total of

28 min. The tip sonicator was set on duty cycle 50%, output control 1. The mixture was first

sonified for 2 min, then 5 min, ice was exchange and the mixture vortexed, and then it was

sonified for 3 times 7 min and the ice was exchanged and the mixture vortexed every 7 min.

9.3. Gel Electrophoresis

The length ofDNA was determined by analytical gel electrophoresis according to Sambrook et

al. (1989). The loading buffer (20% Ficoll (Type 400, Pharmacia), 100 mM EDTA and 0.3%

Orange G) was used for gel loading. Gels with agarose contents of 1.0 - 1.3% w/v were run in

a 1 * TAE buffer (40 mM Tris-acetate, 1 mM EDTA) containing 1 ug/ml ethidium bromide. A

voltage of 15-30 V/cm was applied. XBNA-Hind III digest, pBR322DNA5s*N I digest, 100 bp
DNA ladder and 1 kb DNA ladder were used as DNA markers.



9.4. Determination of Phosphate Concentrations

The phosphate concentration of l,2-dioctanoic-.w-glycero-3-phosphocholine micelles was

determined to estimate the lipid concentration according to the method of B. N. Ames (1966).
The test samples and the samples for the calibration curve (KH2P04) were dried in test tubes.

70 ul of H2S04:HC104 1:1 v/v was added to each test tube and was vortexed. The test tubes

were heated to 250° for 15 min. After cooling to ambient temperature 1.6 ml of 0.835% w/v

ascorbic acid and 0.2% w/v ammonium molybdate were added to the test tubes. The test tubes

were vortexed and incubated at 45° for 30 min. The absorption was measured at 820 nm. The

calibration curve allowed the determination of the phosphate concentration of the samples.

9.5. Circular Dichroism Investigations

Ellipicities for DNA spectra were expressed in molar ellipticities [0?J per base pair (Mw =

650 g/mol). The concentration of DNA was experimentally determined by UV/VIS

spectroscopy (OD at 260 nm). Samples were scanned 9 times at a rate of 50 nm/min. Baselines,
i. e. an identical preparation as the samples except they did not contain DNA or histone HI, were

scanned 4 times. Baselines were substracted from the obtained CD spectra of the samples.
The samples were freshly prepared prior to measurements. Quartz cells with a path length of

1 mm or 5 mm were used.

9.6. Dynamic Light Scattering

Reverse micellar solutions were freshly prepared prior to measurements. Cylindrical Quartz
cells with diameters of 8 mm were used. Samples were measured 10 times at a scattering angle
of 60° at a temperature of 25°. Each scan lasted 3 min. Data was processed according to the

cummulant analysis method and the inverse Laplacian transformation. Hydrodynamic radii

were obtained by 2nd order cummulant analysis. The DLS spectra were normalized to the

integral of the peak around 5 nm.

9.7. Light and Fluorescence Microscopy

Reverse micellar solutions and emulsions were investigated on a special microscopy slide that

had a hole that was 1 cm in diameter and 3 mm deep. The microscopy slide was completely
filled with sample solution to avoid artefacts.

Freshly prepared DNA containing or water containing AOT reverse micelles were examined

under the light microscope in normal light, i. e. DIC mode (0.3-0.4) without the DIC filters. The

exposure time was 0.04 s in the in focus mode.

Emulsion droplets were investigated with the fluorescence technique. Emulsion droplets were

focused in normal light, which was switched off prior to fluorescence measurements. Final

focus adjustments were done in the fluorescence mode. A Zeiss filter no 09 (excitation BP 450-

490, beamsplitter FT 510, emission LP 515) was used for emulsions containing EGFP and its

negative controls whereas a Zeiss filter no 02 (excitation G 365, beamsplitter FT 395, emission

LP 420) was used for BFP in emulsion droplets and its negative controls. The exposure time

was 1.04 s in the in focus mode. Several micrographs depicting various emulsion droplets were
recorded per time point. The fluorescence intensity of the emulsion droplets were evaluated

electronically with the help of the program Image-Pro Plus 4.0. Only droplets with diameters of

30-60 urn were evaluated. 10 droplets on average and 5 droplets in minimum were evaluated



per time point in the case of EGFP. In the case of BFP on average 4 droplets and 2 droplets in

minimum were evaluated per time point.

9.8. Plasmid Amplification

The plasmid pQBI T7 BFP was transformed in competent HB 101 cells according to the

instructions of the manufacturer. 1 ng pQBI T7 BFP was used for the transformation of 100 ul

competent HB 101 cells, and the cells were heat shocked at 42° for 50 s. The transformation

efficiency was 10 cfu/u.g, and plates (LB-Agar with 100 ug/ml Ampicillin) were incubated at

37° for 14.5 h.

The plasmid pQBI T7 BFP was amplified with a QIAGEN Plasmid Maxi Kit according to the

instructions of the manufacturer. A single colony of transformed HB 101 was incubated in a

preculture of 3 ml LB medium with 100 ug/ml Ampicillin for 8 h at 37° at 300 rpm. A part of

the preculture was diluted 1:500 with selective LB medium (100 ug/ml Ampicillin) and

incubated at 37° at 300 rpm for 15 h (OD in 1 cm cell was 7 instead of the required 4-5). The

cell lysis and the plasmid purification were carried out according to the manual of the

manufacturer.

Bought and amplified pQBI T7 BFP (2 ug) were digested by EcoRI restriction enzyme (5 U)

during 1 h at 37° in 25 ul 50 mMNaCl, 100 mM TrisHCl, 10 mMMgCl2, 0.025% Triton X-100

(pH 7.5 at 25°). The length ofthe bought and amplified pQBI T7 BFP was checked digested and

undigested by gel electrophoresis.

9.9. Protein Synthesis in Emulsion Droplets

447 mg Span 80 was transferred to a 10 ml test tube and 9.5 ml (8.0 g) mineral oil was added.

This mixture was vortexed. 54 mg Tween 80 was added and the test tube was vortexed again.
This solution was 4.5% v/v Span 80, 0.5% v/v Tween 80 in mineral oil. Less concentrated

surfactant mineral oil solutions were obtained by diluting 4.5% v/v Span 80/0.5%) v/v Tween 80/

mineral oil solution with mineral oil, i. e. 0.45% v/v Span 80/0.05% v/v Tween 80/mineral oil

was obtained by adding 9 ml mineral oil to 1 ml 4.5% v/v Span 80/0.5%) v/v Tween 80/mineral

oil solution. Other emulsions were prepared in an analogous manner.

The standard procedure of emulsion preparation was as follows: 2 or 3ml freshly prepared
0.45%) v/v Span 80/0.05%) v/v Tween 80/mineral oil solution was stirred at 1500 rpm with a

magnetic bar (1.5 * 0.6 cm) in a 5 ml glass vial (cylindrical with an inner diameter of 1.7 cm).
10 or 15 ul aqueous solution was added in 5 ul aliquots to the stirred surfactant oil solution

within 2 min. The stirring was continued for another minute. The aqueous solution consisted of

the mixture necessary for the cell-free protein synthesis. The standard preparation procedure
was the same or similar to the one in chapter 9.1.5. Either the preparation of the mix for cell-

free protein synthesis and the emulsification was performed at 4° or the aqueous phase was

prepared on ice. The emulsification was done at ambient temperature. Emulsions containing the

mix for cell-free protein synthesis were incubated protected from light at 25° or at 37° in

aliquots. Fluorescence micrographs were collected at various time points with separate aliquots.
For fusion experiments the required components were emulsified in separate surfactant oil

solutions and were combined afterwards. Aliquots were incubated protected from light and

fluorescence micrographs were collected at various time points with separate aliquots.
Reference experiments of the in vitro transcription and translation of pWM T7 EGFP and

pQBI T7 BFP were conducted in aqueous solution. The plasmid was replaced by pBR322 for

the negative control experiments. The required components were mixed at the usual

concentrations and the mixture was incubated at 37°. A 7.2 ul aliquot was diluted with 400 ul



water and fluorescence emission was measured at various time points (slits of the

fluorophotometer were set to 1/1/3/3).
The amount of synthesised EGFP in aqueous solution and in emulsion droplets was estimated

with the help of calibration curves. Samples for the calibration curves were prepared like the

ones for the negative control but specified amounts of commercially available EGFP was added.

The detection was done in the usual way.

9.10. Breaking Reverse Micellar Solutions

Radiolabelled DNA was synthesised in about 140 mM Brij 96/cyclohexane reverse micelles.

The aqueous reaction mixture consisted of 250 nM primer oglio(dA)18, 1 U/ul terminal

transferase, 0.6 mM dATP and 5% v/v [oc-35S]ATP in buffer (100 mM cacodylate buffer, pH 6.8

at 25°, 1 mM CoCl2, 0.1 mM dithiothreitol) and was prepared on ice. This reaction was carried

out in two Brij reverse micellar solutions containing 0.6 or 0.3% v/v aqueous solution. Aliquots
of the reverse micellar solutions were taken at various time points. DNA was extracted out of

the reverse micelles according to the procedure by Anarbaev et al. (1998). This extraction

procedure is as follows: 10 volumes of ice cold 2M LiC104 in acetone were added to the reverse

micellar solution, and the mixture was vortexed and incubated on ice. This mixture was filtered

through Whatman GF glass fibre filters. The filters were washed with 6 ml ice cold acetone. The

radioactivity on the filters was measured.
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