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JWhat | cannot create,
| do not understand”

Richard Feynman




1 Motivation: Why an artificial cell?

Artificial cell: (synthetic) entity that
mimics functions of a biological cell

T

new insights about the more easily controlled and more
design principles and robust than natural cells
the origin of life -> addition of new functions

-> applications e.g. in medicine



1 Motivation: Building an artificial cell

Living organisms

carriers of the
genetic information

stable, semi-

permeable membrane o
(DNA, RNA) £
g
S
5
2
Components of an 2.
e - g

artificial cell
=
=
machinery for self- é- Bottom-up | Asembitug

metabo!lc. pathways reproduction s
for providing energy -> minimal divisom Z
to the cell 2
=

Non-living components

C. XU, S. HU, X. CHEN, ARTIFICIAL CELLS: FROM BASIC SCIENCE TO APPLICATIONS, MATERIALS TODAY, 2016




1 Some important definitions

Divisome: complete macromolecular machinery able to effect
division in the living cell
includes proteins and also membranes that take
part in the division

Divisome

Phase Transition Temperature T,,, of a lipid membrane:
Dependence of T;,, on:

Gel Phase I Liquid Phase - lipid chain length
o _ _ > - saturation
Lipids rather immobile Lipids diffuse freely in
)I\/\/\/M\/v

the membrane \%N‘EQ&W

PICTURE: HTTPS://EN.WIKIPEDIA.ORG/WIKI/DIVISOME
PHASE TRANSITION TEMPERATURE: CISSE: HTTP://GUAVA.PHYSICS.UIUC.EDU/~NIGEL/COURSES/569/ESSAYS_FALL2006/FILES/CISSE.PDF




Triggered Gene Expression in Fed-Vesicle
2 | Microreactors with a Multifunctional Membrane

Protein .
PoI merase [ Ribosome ] solution A:
Y A N AN Enzymes & Cofactors
transcnptlon translation W a
- N Co—r Sqlutlon B..

nucleotldes -tRNA Feeding Solution
e aclds . (Nutrients & tRNA)
- J

{ PUREXxpress J commercial kit for minimal gene expression machinery

PICTURE: HTTPS://UPLOAD.WIKIMEDIA.ORG/WIKIPEDIA/COMMONS/0/OF/LIPOSOME3%2A.PNG
PUREEXPRESS: NEW ENGLAND BIOLABS: HTTPS://WWW.NEB.COM/PRODUCTS/E6800-PUREXPRESS-INVITRO-PROTEIN-SYNTHESIS-KIT#PRODUCT%20INFORMATION



Triggered Gene Expression in Fed-Vesicle
2 | Microreactors with a Multifunctional Membrane

Nutrients,
tRNA

Enzymes,
Cofactors

Enzymes,
Cofactors )

2
B: Nutrients,

tRNA

(

( )
DNA Template

Z. NOURIAN ET.AL.: "TRIGGERED GENE EXPRESSION IN FED-VESICLE MICROREACTORS WITH A MULTIFUNCTIONAL MEMBRANE", ANGEWANDTE CHEMIE, 2012
PICTURE: HTTPS://UPLOAD.WIKIMEDIA.ORG/WIKIPEDIA/COMMONS/0/OF/LIPOSOME3%2A.PNG



Liposome Preparation
2  Basic Principle: Lipid Film Swelling

Dissolved lipids

Solvent evaporation
=) Stacked lipid
bilayers

Buffer

T B TR b PR L T
TR T R
e A

Buffer solution:

e =%

g -9
T " N G T T
BEAR R

U

Lipid film swelling

Osmotically driven flow = Vesicle formation

into the bilayer stacks

H. STEIN ET.AL.: "PRODUCTION OF ISOLATED GIANT UNILAMELLAR VESICLES UNDER HIGH SALT CONCENTRATIONS", FRONTIERS IN PHYSIOLOGY, 2017




Liposome Preparation: Protein-
E synthesizing liposome microreactors

p
A Formation of stacked lipid
bilayers by solvent evaporation

\_

~

J

Even Surface ™) Glass Beads

h Increased active surface area

h Increased yield in liposomes

Z. NOURIAN ET.AL.: "TRIGGERED GENE EXPRESSION IN FED-VESICLE MICROREACTORS WITH A MULTIFUNCTIONAL MEMBRANE", ANGEWANDTE CHEMIE, 2012



Liposome Preparation: Protein-
Z} synthesizing liposome microreactors

[B Lipid Film Swelling atT > T, ]

Rehydration Liquid

h PURE Solution A:

Enzymes & Cofactors

h DNA Template coding for
autofluorescent protein (green)

XX

Z. NOURIAN ET.AL.: "TRIGGERED GENE EXPRESSION IN FED-VESICLE MICROREACTORS WITH A MULTIFUNCTIONAL MEMBRANE", ANGEWANDTE CHEMIE, 2012



Liposome Preparation: Protein-
E synthesizing liposome microreactors

yd Nutrients + tRNAs
/F

[C Immobilize Vesicles on Coverslip ]

4 ™
D Exchange Enzyme Solution with

Feeding Solution
g Y,

" Lipid 8% Neutravidin . o
Incubation at 37°C
® Dyediipid . BSA [E
% Biotin-BSA

- Biotin—PEG lipid

Z. NOURIAN ET.AL.: "TRIGGERED GENE EXPRESSION IN FED-VESICLE MICROREACTORS WITH A MULTIFUNCTIONAL MEMBRANE", ANGEWANDTE CHEMIE, 2012



Membrane Permeability: A Requirement
E for Gene Expression in Liposomes

B: Nutrients,
tRNA

Enzymes,
Cofactors

[DNA Template

XX

Z. NOURIAN ET.AL.: "TRIGGERED GENE EXPRESSION IN FED-VESICLE MICROREACTORS WITH A MULTIFUNCTIONAL MEMBRANE", ANGEWANDTE CHEMIE, 2012



Membrane Permeability:
Z} Test of different Lipid Compositions

Biotin-PEG-lipid + TRITC-lipid

/ DPPC I \

o o]

/ DOPC

Y
18 C
1 double bond

DO

_/

Z. NOURIAN ET.AL.: "TRIGGERED GENE EXPRESSION IN FED-VESICLE MICROREACTORS WITH A MULTIFUNCTIONAL MEMBRANE", ANGEWANDTE CHEMIE, 2012

PICTURES: HTTPS://WWW.ABCAM.CO.JP/12-DIPALMITOYL-SN-GLYCERO-3-PHOSPHORYLGLYCEROL-SODIUM-SALT-DPPG-PHOSPHORYLGLYCEROL-AB143953.HTML, HTTPS://WWW.ABCAM.CO.JP/12-DIMYRISTOYL-SN-GLYCERO-
3-PHOSPHORYLGLYCEROL-SODIUM-SALT-DMPG-PHOSPHATIDYLGLYCEROL-AB143952.HTML, HTTPS://EN.WIKIPEDIA.ORG/WIKI/PHOSPHOLIPID



Membrane Permeability:
Z} Test of different Lipid Compositions

-

DM: 14 C

~

-

DP: 16 C

~

60: 18 C + double bonh

\_

Tm,DM ~ 23°C

Ts oy =~ 30°C

Swelling Temperature:

_/

Tm,DP ~ 41°C

Swelling Temperature:

\_

TS,DP ~ 45°C

Trpo =~ —20°C

Swelling Temperature:

Ts po ~ 30°C

_/

\_ _/




Membrane Permeability:
2 Test of different Lipid Compositions

DP DM DO 5

(16 C) (14 C) (18 C)
double [
bond '

10um

L} NO gene expression! L} Gene expression! 4—'

[
Damagedd \[* Non-Permeable? ] [ Permeable for nutrients & tRNA! ]
PURE system ?




Membrane Permeability:

E Test of different Lipid Compositions

|

/

600 |
500
400
300
200
100 -

0

= DMPC 30 °C

“DMPC 45 °C

i i = DPPC 45 °C

0 2h Sh 21h

[Swelling Temperature Ts = 45°C:\

=) Damage on PURE System
=) BUT: Gene Expression

\ is still possible )

=) Gene Expression!

= No Gene Expression!

Z. NOURIAN ET.AL.: "TRIGGERED GENE EXPRESSION IN FED-VESICLE MICROREACTORS WITH A MULTIFUNCTIONAL MEMBRANE", ANGEWANDTE CHEMIE, 2012



Membrane Permeability:
2 Test of different Lipid Compositions

DM DO

(14 C) (18 C)
double [
bond '

DP
(16 C)

10um RO T R
L} NO gene expression! L} Gene expression! 4—'

[ Non-Permeable! ] [ Permeable for nutrients & tRNA! ]




Membrane Permeability: T=37°C |
2 | Test of different Lipid Compositions

DP DM DO 5

(16 C) (14 C) (18 C)
double [
bond '

10um RO T R
L} NO gene expression! L} Gene expression! {—I

T < Ty pp = 41°C T > Typy = 23°C T > Ty po = —20°C




Membrane Permeability:
2 A Challenge for large Molecules

6.7 nm

3.5 nm

7.0 nm

Lipid Bilayer
(DMPC)

tRNA

tRNA:  too large for Passive Diffusion through
the membrane

Z. NOURIAN ET.AL.: "TRIGGERED GENE EXPRESSION IN FED-VESICLE MICROREACTORS WITH A MULTIFUNCTIONAL MEMBRANE", ANGEWANDTE CHEMIE, 2012

PICTURES: PDB (1TN2, 1GFL); H. IBRAHIM, JOURNAL OF PHOTOCHEMISTRY AND PHOTOBIOLOGY, 2011




Membrane Permeability:
j A Challenge for polar & charged Molecules

~N
Extracellular
e Polar / Charged components
Small Large . .
uncharged uncharged of the Feeding Solution:
Hydrophobic polar polar . y,
molecules molecules molecules lons N
2
Gl;"egm Na‘, K+, H* ‘-N
0, CO,. N, Urea Glucose Ca=
SWS Ethanol Sucrose Cr ||
HO-P-0
tRNA g }
Nucleotldes

(Some)
amino acids




Membrane Permeability:
E Unknown Mechanisms

[ The mechanisms enabling the observed semipermeability remain unkown! ]

N ET.AL.: "TRIGGERED GENE EXPRESSION IN FED-VESICLE MICROREACTORS WITH A MULTIFUNCTIONAL MEMBRANE", ANGEWANDTE CHEMIE, 2012



Membrane Permeability:
E Nourian’s Suggestion for tRNA Permeation

/1. Osmotic Pressure\ ERNA-bilayer interaction: Adsorption on membr%

= Membrane Defects: =) Electrostatic: phosphate group (tRNA) & lipid headgroup
Transient membrane

_ =) Hydrophobic: exposed nucleobases (tRNA) & lipid tail
rupture and resealing

! Stronger interaction in liquid state (lipid packing less dense)

t} Permeation pathwzy h Increase of local concentration of tRNA on the membray

Z. NOURIAN ET.AL.: "TRIGGERED GENE EXPRESSION IN FED-VESICLE MICROREACTORS WITH A MULTIFUNCTIONAL MEMBRANE", ANGEWANDTE CHEMIE, 2012



Stochastic nature of Gene Expression
2 In Liposomes

Heterogeneity in intensity / expression levels
between individual vesicles!

Confined protein “ batch reactor
synthesis (in liposomes) experiment

* Liposome formation: Random partitioning of
solution A molecules between the vesicles

* Efficacy of matter exchange with feeding solution:
Surface / Volume ratio

Z. NOURIAN ET.AL.: "TRIGGERED GENE EXPRESSION IN FED-VESICLE MICROREACTORS WITH A MULTIFUNCTIONAL MEMBRANE", ANGEWANDTE CHEMIE, 2012



E Assembly of a minimal divisome

next goal: implement compartment division of a minimal cell

‘ need: elementary molecular machinery that supports the
division of a cell model

several different approaches towards a minimal divisome conceivable



E Different strategies

Unbalanced oyl s .
s e Shape Strategy 1: Lipid biosynthesis route
ratio deformation

excess membrane lipids or change of lipid composition
-> change of the physical parameters of the lipid bilayer
==) cell shape deformation

==) scission into smaller progeny cells

Lipid synthesis-
based division

O Scission

Volume
expansion O Strategy 2: Membrane-deforming protein route

Ol\/lembrane

constriction

J |

O membrane deformation at midcell with the help of
certain proteins

O =) division into two halves

Scission

Protein remodeling
-based division

|

Z. NOURIAN, A. SCOTT, C. DANELON: TOWARD THE ASSEMBLY OF A MINIMAL DIVISOME, SYST SYNTH BIOL, 2014



E Strategy 1: Lipid biosynthesis route

Approach 1la:
Incorporation of excess lipids into the membrane

=) change % or AA,

lipid uptake from micelles in the environment
or
internal synthesis of lipids from precursors

=) vesicle tubulation into long thread-like shapes
separation due to gentle shearing

M. EXTERKATE, A. DRIESSEN, SYNTHETIC MINIMAL CELL: SELF-REPRODUCTION OF THE BOUNDARY LAYER, ACS OMEGA, 2019



3 | Strategy 1: Lipid biosynthesis route

Approach 1b:
Modification of the lipid composition

Example:

membrane composed of lipids in different
phases (with different order)

=) shape transformation due to

minimization of line tension at boundary fission of a bud at the phase separation line
upon moderate heating from 30°C to 35°C

Y. CASPI, C. DEKKER, DIVIDED WE STAND: SPLITTING SYNTHETIC CELLS FOR THEIR PROLIFERATION, SYST SYNTH BIOL, 2014



E Strategy 2: Membrane-deforming proteins

Approach 2a:
Use of membrane proteins involved in cell division
in natural cells

qrak g
SO

I

Example: bacterial division machinery of E. coli ZipA

» multiprotein machinery

» Z-ring, comprising FtsZ, FtsA and ZipA, as
the central element of the division
machinery

FtsZ filaments tethered to the membrane
by FtsA and ZipA

J. LUTKENHAUS, S. PICHOFF, S. DU, BACTERIAL CYTOKINESIS: FROM Z RING TO DIVISOME, PMC, 2014



E Strategy 2: Membrane-deforming proteins

Z-ring constriction by
bending force of FtsZ-
filaments

Essential steps of cellular division:

» Z-ring formation

» force generation -> distortion of
the lipid membrane

» progressive constriction of the
Z-ring

» completed division

constriction of a membrane due to the contraction of the Z-ring

FtsZ (together with FtsA and/or ZipA) provides a highly attractive route towards the fission
of an artificial cell!

UPPER IMAGE: M. OSAWA, D. ANDERSON, H. ERICKSON, CURVED FTSZ PROTOFILAMENTS GENERATE BENDING FORCES ON LIPOSOME MEMBRANES, THE EMBO JOURNAL, 2009;

LOWER IMAGE: M. EXTERKATE, A. DRIESSEN, SYNTHETIC MINIMAL CELL: SELF-REPRODUCTION OF THE BOUNDARY LAYER, ACS OMEGA, 2019



E Strategy 2: Membrane-deforming proteins

Approach 2b:

Use of non-canonical membrane remodeling
proteins

Example: BAR-domain of a protein

» positively charged residues on its concave
surface interact strongly with lipid
headgroups

» "scaffold" for membrane curvature

BAR-domain of a protein binding to the
membrane surface and bending the membrane

J. ZIMMERBERG, M. KOZLOV, HOW PROTEINS PRODUCE CELLULAR MEMBRANE CURVATURE, NATURE REVIEWS MOLECULAR CELL BIOLOGY, 2006



4  Summary

. . Membrane deforming protein route ’
» First successful attempt of triggered gene Fio ERORTIER

expression in liposomes via an outside s G*GG i

. . force
feeding solution. Liposome D,
membrane
» Two promising strategies for the ipr;essm
implementation of a minimal divisome: . ptem
lipid biosynthesis route and membrane + AV
] ] substrates O .
deforming proteins route L T LN
Excess membrane \La\La" %«
Topologically active lipids -} ()" My

LPAAT, GPAT, FAS,... ¥
N
Lipid biosynthesis route *2

Z. NOURIAN, A. SCOTT, C. DANELON: TOWARD THE ASSEMBLY OF A MINIMAL DIVISOME, SYST SYNTH BIOL, 2014



E Outlook

Remaining challenges:

» increase in complexity when combining all elements of an artificial cell
» effective communication with the environment

» implementation of movement of the artificial cell

> construction of artificial cell networks
> ...

Applications / Benefits:
» engineered organisms to produce fuels or pharmaceuticals
» applications in biomedicine: e.g. imaging, drug delivery
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Thank you for your
attention!
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a) 300 - b) 1.0

250 - 0.8
T 200 - T 0.6
l 150 ‘ ,norm 04
100 - 18 °C

0: 2 4 B B 40
Number of freeze-thaw cycles —»

PICTURE: HTTPS://UPLOAD.WIKIMEDIA.ORG/WIKIPEDIA/COMMONS/0/OF/LIPOSOME3%2A.PNG




600

- I ) = DMPC 30 °C
po = DMPC 30 °C
T +cross Tm
: 300 « DMPC 45 °C
200 - “ DOPC 30 °C
100 1 = DPPC 45 °C

0 [T

0 2h Sh 21hn

PICTURE: HTTPS://UPLOAD.WIKIMEDIA.ORG/WIKIPEDIA/COMMONS/0/OF/LIPOSOME3%2A.PNG



