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ABSTRACT

Retroviruses cause a variety of the most seriossadies of man
and animals. A new class of antiretroviral drugs;called
‘entry inhibitors’, block virus entry into the hosell. Until now,
antiretroviral drug have been designed and evaluatecom-
plex natural virus-cell systems, but the complexitypedes
detailed insights into the underlying molecular hatsms of
virus-cell interaction. Therefore, we propose tgiraer a novel
model system which reduces the complexity of themanents
involved in virus-cell interaction. The proposedifaiial model
system will provide arin vitro testbed for antiretroviral drug
design and validation. The system will combine adgantages
of natural and artificial models by consisting ofifecial lipo-
somes equipped with a minimal cellular machinergvjaing
nothing but the components needed for the molequitaresses
in virus-cell interaction. We are able to referdata of several
‘entry inhibitors’ tested in a natural virus-celfssem, and we
already established liposome containers separateuh the
surrounding by a lipid membrane that enclose sugard ami-
no acids. Here, we present results of encapsulatimipotides
and organic and inorganic ions. Further, we distuss to
proceed on the way towards a novel liposome-bassttidd for
antiretroviral drug design and validation.
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sion system, Living Technology
INTRODUCTION

Retroviruses (e.g. HIV) incorporate their gene® itite host’s
genome and thus establish life-long infections thequently
terminate in fatal diseases (e.g. AIDS). Since wamsplanta-
tions [1] will gain in importance, risks concernitige transfer
of animal retroviruses to humans have to be asdesstore-
hand. Feline leukemia virus [2], a naturally ocmgrgammare-
trovirus of domestic cats and some related smédsd3, 4],
serves both as a model of the multifaceted patresienof
retroviruses (i.e. in tumor and AIDS research) §8id as a
testbed for the risk assessment of xenotranspiantdtor most
retroviral diseases, therapies are either absemae the disad-
vantage of developing drug resistance and/or hakigh tox-

icity profile. Recently, a novel promising antii@tiral drug
class was developed: Small synthetic peptides, egrfantry
inhibitors’ or ‘fusion inhibitors’. Operating vergarly in the
viral life cycle, they interfere with binding ontbe surface of
the host cell, virus and host cell membrane fusamg virus
entry into the host cell [5-7]. In contrast to atlemtiretroviral
drugs, fusion inhibitors have a low toxicity prefi8, 9].

In the development of antiretroviral therapies atmpts to
exploit the retroviral vulnerability of a generdtusture and a
simple genomic organization. The viral gesre/[10] encodes
for an envelope protein inducing viral cell enthyteraction of
the envelope protein and a specific host cell serfeeceptor
induces a fusion of the virus and host cell membsafil].
Virus subgroups differ in the characteristics oé thnvelope
protein resulting in differences in cell targetiagd specific
disease capacity [12-16]. The virus host cell remspfor all
FeLV subgroups have been defined recently [13-T824]. As
point of vantage the interaction of virus envelgpetein and
specific host cell receptors has been studied sitely in in
vitro systems that use natural cells [25]. Since inrahtells a
tremendous number of various processes take plavats-
neously, such systems often fail to elucidate efeerg mole-
cular mechanisms of the system. Thus, in the leatsy serious
efforts were made to replace the natural virus®gtem by an
artificial virus-liposome model. Liposomes feate aqueous
compartment partitioned off the surrounding by mpeérmeable
lipid membrane. The simplicity in structure redu¢be com-
plexity of the system [26-28]. On the other hard tomplete
absence of cellular components in the artificialsiliposome
systems has unfavorable effects on validity and payability
with the virus-cell and the biologicain(vivo) system. There-
fore, we propose to engineer a novel virus-liposamadel
system which is simple to understand but complesugh to
draw conclusions on the natural system. Only régemtet-
laboratory approaches in engineering and meta-eegimg
spanning a wide variety of research disciplinesehlagen uni-
fied in the concept of Living Technology [29]. Thygowing
field of Living Technology is likely to gain in ingstance in
new engineering disciplines with multiple applicats in the
medical, material, information, energy, and envinental
sciences [30].
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Figure 1. Schematic representation of the parallel liposoanenation
(A) Liposomes are produced in 9@l microtiter plates, providir
parallel formatia of up to 96 distinct liposome populations. (B)e
sample is composed of two parts: water droplegh{lgray) in the o
phase (dark gray), hosting nucleic acids (cp. figr2(in)organic ion
(cp. Table 1) and the bottom aqueous phase (whitégh finally host:
the liposomes. (B.1) Due to their amphiphilic cleées phospholipic
(black), solved in mineral oil, stabilize wateit-interfaces by formin
two monolayers. These two monolayers form a bilayken a wate
droplet, induced by centrifiation, passes the interface. Due to botl
density difference of thimter- andintra-liposomal fluid and the gecen
try of the microplate bottom, vesicles pelletizettie centre of the wi
(cp. B).

In this paper, we characterize the basic spedificaf summar-
ize what has been achieved so far, present ouerduresults,
and discuss how to realize the missing componen&ngineer
the novel virus-liposome model system that will yide a
testbed for antiretroviral drug design and valiolatiThe system
will combine the advantages of the virus-cell ahé virus-
liposome models by consisting of liposomes equippét a
cellular machinery composed of a minimal humbecafpo-
nents and providing nothing but the molecular psses of the
virus-cell interaction.

For the implementation of the testbed, the follayvicompo-
nents need to be realized: (i) A cell-like contaifip encapsu-
lating the minimal cellular machinery providing peim synthe-
sis and (iii) data of ‘entry inhibitors’ collectad a natural sys-
tem.

(i) A cell-like container: Liposomes are the mogidied sys-
tems among biomimetic structures [31] and have ukatly
been used as models for living cellular structR’#, since
they make an ideal tool for investigating enclossdtems
containing ongoing biochemical processes, includiegrepli-
cation of RNAs [33], the PCR [34], and polypept&imthesis
[35]. Over the last decades, sevénalitro liposome formation
and analytical characterization procedures wereldped (for
a review see [36]).

(ii) Encapsulation of the minimal cellular machipe€ommer-
cially available cell-free expression systems pievihe minim-
al cellular machinery to synthesize proteins irrovif37, 38].
Usually cell-free expression systems that origirfeden wheat
germ orEscherichia coliE. coli) are used. Though synthesis of
soluble proteins in liposomes is well establishad, [39-42],
expression of membrane-associated proteins isiatestr to
spontaneously inserting hemolytic proteins thatndb rely on
cellular machinery providing appropriate proteircdbization
[43, 44]. Only recently, the appropriate proteiedbzation of
integral membrane proteins was reported for a nexpftession
system consisting of a fusion betwe€ncoliinner membrane
protein (GlpF) and eukaryotic integral membranegins [45].
This system allows for the synthesis of eukaryatitegral
membrane proteins i. coli.

(iii) Data of ‘entry inhibitors’: Inhibitory peptids were already
designed and analyzead vitro in a natural virus-cell system
[46]. These results providing data to validate thelity of a

natural system (virus-cell) are necessary to veaifg validate
an artificial virus-liposome testbed.

By introducing microtiter plates in liposome forriest and
increasing the versatility [47, 48] of an estabddhiposome
formation procedure [44, 49, 50], we provide pailadind high-
throughput analyses [47]. In addition, we impleneentand
evaluated a DNA-mediated self-assembly procedugeterate
multi-compartment aggregates of programmable ardgfined
composition [47, 51] and discussed their applicaiiopersona-
lized medicine [52].

Introducing asymmetry in thiter- and intra-liposomal fluid
results both in an independent composition cordfdhe inner
and outer medium, and in an increased liposome gemimlity
[47, 48, 52]. Broadly speaking, natural cells contugars that
provide energy for cells, lipids that build up teell mem-
branes, amino acids that are the subunits of prmit@ind nuc-
leotides that code for the development and funaigrof all
known living organisms. Atrtificial liposome membem are
made of lipids as well. From the remaining thregomgamilies
of small organic molecules we already tested tlemgsulation
of sugars [47, 48] and amino acids. Here, we toeeednalyzed
liposome formation and liposome stability in depemck of
incorporation of nucleic acids (DNA strands). Moreqn organ-
ic and inorganic ions are essential to all cellyf@ocesses.
Thus, to set up artificial liposomes hosting théutar machi-
nery needed to express proteins, one has to proaatenly the
genetic blueprint (DNA strands) but also a celelitomposition
of the intra-liposomal fluid. We therefore analyzed liposome
formation and liposome stability in dependencenabrporation
of both organic and inorganic ions in this study.

By engineering a simple but more cell-like virusesome
model system, we expect to provide a high-throughestbed
for the design and validation of novel antiretravilrugs.

MATERIALSAND METHODS

The established liposome formation protocol [49swviechni-
cally modified as follows: introduction of (i) 96el microtiter
plates U96 to increase procedural manageabilitialroratory
experimentation and (ii) a density difference betmiater- and
intra-liposomal solution to induce liposome pelletizatio
(Fig.1). Solutions of the liposome lumen and theraunding
medium were equal in osmolarity but differed in ttegree of
polymerization of dissolved saccharidestra-liposomal: dis-
accharidesinter-liposomal: monosaccharides) providing densi-
ty differences between the lumen and the envirotnmEhe
sample was composed of two parts: (i) an oil pHassting
water droplets with sucrose (disaccharide) andeeifluores-
cently labeled (Alexa Fluor 488) DNA strands (1&ramolar)
or (in)organic ions (for a list of tested ions arwhcentrations,
see captions of Table 1) as additives and (iijthttom aqueous
phase, which finally receives the liposomes. Du¢htr am-
phiphilic character, phospholipids (dissolved inneral oil)
stabilize water-oil interfaces by forming monolagerTwo
monolayers form a bilayer when a water dropletuoetl by
centrifugation, passes the interface. Liposome mands were
exclusively made of 1-palmitoyl-2-oleoyl-sn-glyce3e
phosphocholine. Due to both the density differenicéneinter-
and intra-liposomal fluid and the geometry of the microplate
bottom, liposomes pelletize in the centre of thél.viéposome
formation was performed in duplicates. Length afcwinfe-
rence of the liposome pellet is used as a meaduliposome
yield (cp. methodology in [47]). The liposome yielis com-
pared to the control (without addition of ions) yichng values
of relative liposome yield. Light-microscopy wasrfoemed
using a Wild M40 inverted microscope equipped wathMi-
koOkular microscope camera. All camera settingevidentic-



Figure 2. Encapsulation of nucleic acid¢a.1, b.1) Confocal las
scannng microscope and (a.2, b.2) differential intenfiee contra:
micrographs of two liposome populations. Only lipoe population (i
incorporates fluorescently labeled DNA strands.okipme populatic
(b) does not hold DNA strands and is used as conBcale be
represents 1Q0n.

al for the recordings. Confocal laser scanning oscopy was
performed using an inverted Leica Confocal DMR IRER2
confocal laser scanning microscope.

RESULTSAND DISCUSSION

Liposomes were found to sediment and hence to &by evail-
able for inverse microscopy (Fig.2). The fluoresmersignal
was found exclusively in the lumen of the liposoraed only if
fluorescently labeled DNA strands were present rdutipo-
some formation (Fig.2.a.1). Autofluorescence wasseab
(Fig.2.b.1). Thus, one can conclude that nucleidsaare incor-
porated efficiently into the liposomal lumen if pemt during
liposome formation.

The (in)organic molecular sodium salts tested (@abl only
differed in the anionic component. The relativeofipme yield
differed in dependence of the concentration ofgb&ium salt.
At a concentration of 10 millimolar the liposomesld is either

Table 1. Relative liposome yield in dependence of (in)orgasodiun
salts. The liposome yield is expressed as ragmtage of the conti
(intra-liposomal fluid without the addition of salt).

50 millimolat 10 millimolar

Positive control
Negative contro 0 0
Sodium dihydrogenphosphate,
H,NaOP « 2 HO,

Sodium formate, 0 97.401+5.100
CHNaQ
Sodium N-lauroylsarcosinate, 0 105.924 +3.910
CisH2:NNaG;

Sodium acetate trihydrate,
CH;COONa - 3 HO

Sodium hydrogen carbonate,

88.893 +6.35 100.793 + 8.964

97.185+1.75 105.291 +3.899

NaHCG;

Sodium carbonate, 99.426 +6.22| 103.075 + 3.859
Na,COs

Sodium bisulfate, 113.392 £ 3.01] 118.579 + 3.689
N&,$,0s

100.000 +1.7[79 100.000 * 3.581

the same or higher than in the control experimewept for
sodium dihydrogenphosphate. Sodium dihydrogenplaisph
was chosen as a negative control, due to its dgp@cprevent
oil separation. Sodium phosphates are thereford aseemul-
sifiers and detergents. Thus, as expected lipofomeation is
inhibited completely in the presence of sodium ditegen-
phosphate. At 50 millimolar sodium formate and souiN-
lauroylsarcosinate prevent liposome formation a. \Beth are
amphiphilic, therefore probably destabilizing theogpholipid
monolayers needed for the liposome production. fibgative
effect on liposome formation observed for most gafosodium
salts (e.g. sodium chloride; data not shown), seabfor most
of the (in)organic molecular sodium salts testedhiis study.
(In)Organic molecular sodium salts may thereforevte
viable alternatives to halogen sodium salts wheroiibes up to
providing cell-like composition of thiatra-liposomal fluid.

We implemented containers partitioned off the sumding by a
lipid membrane, we were able to enclose sugarsn@amacids,
nucleotides, organic and inorganic ions, and w¢ lvélable to
refer to data of several ‘entry inhibitors’ alreathsted in an
established virus-cell model system. In the remmainpara-
graphs we point out how to proceed on the road ridsva novel
virus-liposome model system that may provide areatife
testbed for antiretroviral drug design and valiolatFig.3).
Different cell-free expression systems are comnadlycavaila-
ble. Encapsulation of the cell-free expressioneyst may be
performed using established procedures [44]. Tinetieblue-
print to produce host cell virus receptor protésmisomposed of
three different parts (Fig.3.2): B. coliinner membrane protein
GIpF [45], providing appropriate protein localizatiof integral
membrane host cell virus receptor proteins, ii) oh¢he host
cell virus receptor candidates that are assumezhable virus-
liposome interaction and membrane fusion, and diigreen
fluorescent protein (GFP) providing information abothe
protein localization. The three genetic componemzy be
cloned and expressed in cell-free expression sygstemilable.
Routine procedures for cloning [53] are availabhel ahe se-
qguence of the constructs can be amplified by pohase chain
reaction (PCR) and inserted into the vector pl VEXd (cp.
[54]). All constructs may be verified by sequencigd gene
expression, size, native conformation, and the grapembrane
localization of the proteins may be analyzed fasheeombina-
tion of cell-free expression system and fusion giroby using
RT(reverse transcriptase)-PCR, western blottingorscence
and confocal microscopy, and ELISA (enzyme-linked-

Figure 3. (opposite). Schematic representation of the metlogit
procedure to engineer a novel virus-liposome magstem that pro-
vides an effective testbddr antiretroviral drug design and validati
(1) Three different commercially available celldrexpressiorsystem
are depicted, hereafter details are provided fer afithese. (2) In ea
transcription-translation cell-free expression egsta distict host ce
protein is expressed that is assumed to enable gl entry. Concern-
ing protein expression and localization differeggults are conceivab
(a, ¢, €) gene expression, size, native conformatitd the membra
localization of the fusiorproteins are adequate; (b) mislocalizatio
(d) misfolding of the host cell receptor. (3) Theamber of virus
liposome model systems is reduced — only ‘convehiésee text)
combinations of liposome stability, cell-free exgsi®nsystem, fusio
protein expresion and localization are further used and incubatith
native virus. (4) The virus load differs in depence of host cell sur-
face receptor density and its accuracy in respethe virus envelog
protein. The most promising virus-liposome mioggstem is select
for the further procedure. (5) Peptide entry intoits that differ il
length and/or sguence either decrease (6.b, 6.e), not affect,(61
increase (6.d) the virus load compared to the obif6.a). (7) Th
inhibitory potential ofthe most promising antiretroviral peptide
increased using an iterativa silico optimization procedure, final
resulting in a potent antiretroviral drug (8).
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immunosorbent assay) techniques. The aim should lkstab-
lish ‘viable’ combinations of liposome stabilityeléfree ex-
pression system, fusion protein expression andikaten.

Having appropriately equipped liposomes, the capadiFelLV

to enter the liposome mediated by the host cekptr on the
surface will be analyzed by co-incubating liposoraed virus
(Fig.3.3), removing of excess virus, lysis of lipowes, and
quantification of virus load using RT-PCR (Fig.3.8recau-
tions have to be taken to prevent that the seleaifahe most
promising virus-liposome model system (Fig.4.4) ratly

depends on the receptor surface density (as impli€t.4) but
also on the quality of attachment of receptor aingsvenvelope
protein (cp. geometrical match of receptor and sviemvelope
protein is better for the virus-liposome model eyst(a) of
Fig.4.4 but the larger number of receptors is sigfit that the
virus-liposome model system (c) outperforms (a)t twauld

actually be better suited). To prevent such a gmblirus load
will have to be correlated with the receptor suefatensity
quantified for example by using the GFP-fluoreseesignal.

To review the appropriateness of the novel modstesy lipo-
somes and virus are co-incubated either in theepoesor ab-
sence of peptide entry inhibitors (Fig.3.5) whoséretroviral

activity have already been tested [46]. The liposannus load
is quantified (Fig.3.6) and compared to the vireB-system
resulting in a qualitative comparison of the twodwmbsystems.
Based on these data, a genetic algorithm to ewolaty design
experiments in wetware established by Poli and ckers [55]

will be used to design new antiviral peptides,ddstand itera-
tively optimized (Fig.3.7), resulting in potent piele entry
inhibitors (Fig.3.8).

CONCLUSIONS

In previous work, we implemented cell-like contagesepa-
rated from the surrounding by a lipid membrane #wtlose
sugars and amino acids. In the present study, Weegen the
range of substances enclosed by nucleotides arghiorgnd

inorganic ions. Thus, all substances are incorpdrdhat are
required to implement a basic metabolism withinospmes.
The simplicity of these elementary cell-like coneis provid-

ing a basic metabolism may be exploited in the giesif an

effective liposome-based testbed for antiretrovitalg design
and validation. Since the inhibitory potentialssofne instances
of a new class of antiretroviral drugs are alreteted using

commonin vitro systems, the effectiveness of the new lipo-

some-based testbed in validation of antiretrowiralgs may be
evaluated. The new liposome-based testbed potgnatfers

high-throughput analyses of antiviral drugs and wptymize or
open up bottlenecks inherent to current technotogplied in
drug design.
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