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What You Will Learn in This Chapter

Model systems used for analysis via synthesis.

Principles of engineering biomolecules.

Understanding of biomolecules; alchemy to urea again.

Membrane mimetics.

Membrane components.

Understanding of the concept of synthesis from first principles.
Understanding of why this is done.

Understanding of the various ways this principle is applied.

Awareness of examples.

The student should be able to explain how the bottom-up approach is applied to syn-
thetic biology.

11. He or she should also be able to explain the uses of this approach.

12. The student should be able to cite and illustrate this use, with examples.
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In the search for the minimal cell, it is expected that an entire cell might be difficult to
model using current technology. We explain how the bottom-up approach is used to
model specific parts, or functions, of cells instead. Such model structures include the
cell membrane, proteins, and even the genetic material. Each system is constructed
using basic materials, which are rationally combined to form functional structures.
Some of these systems might even use materials that are different from their counter-
parts in the biosphere. Finally, we introduce the idea of synthetic organisms comprising
or using noncanonical materials as a safeguard against their accidental release into the
environment.

4.1 Synthetic Bioarchitecture: The Bottom-Up Approach

The bottom-up approach thrives on the idea of self-assembly. In the light of self-
organizing structures, the dimension of life leans on self-organization. To adapts this
concept is only a natural consequence in research applications, dealing with the dimen-
sion of molecules—otherwise, it is quite tedious (if not impossible) to manufacture
molecular assemblies with mechanical tools. In the 1980s, the famous physicist
Richard Feynman stated, “What I cannot create, I do not understand.” This is still valid
for physics and for biology; this motto is still far in the future for all “living” species.
Even Craig Venter, the godfather of “synthetic life;” who has “implanted” a functional
genome in a living species, has not “created” life from the bottom up. Creating life has
always been a dream of mankind, and synthetic bioarchitecture is a realistic view of how
far and possibly impossible this goal is, as life might not be encoded in a structure; there
may be something more to it.

Let us give a real-world, state-of-the-art example of a bottom-up approach in synthetic
biology.

The concept of DNA origami has been developed over the past decade. Of course,
DNA does not consist of just four monomers; it also provides unusual charge density and,
as a consequence, an inherent and precise spatial control.
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Can we build functional (molecular)
Hybrid structures employing the
blueprints of Nature?

- Does Nature (living cells), understand’
such hybrid architectures?

O Fig. 4.1 Gustave Doré - The Monkey and the Dolphin (1867), a scene from the book “Fontaine’s
Fables” This example is intended to illustrate the idea of functional assembly - quasi‘incompatible spe-
cies, monkey and dolphin, merge into a functional unit

With this famous example, let us start in the world of bottom-up approaches with a
concept aiming for employment of functional building blocks and achievement of self-
sustaining (or even autopoietic) systems. In the end, it is a protocell, which has been sketched
by many but is still unattained, as confinement of the building blocks of life in small spheri-
cal objects is still hampered by lack of control of energy influx/efflux and, as a consequence,
it is still unable to sustain itself in laboratory conditions. Interestingly, the “end of the game”
is the status of equilibrium. At this point, the far end goal is understanding “far from equi-
librium reactions with the intention to build in such concepts in bottom-up approaches” If
we understand how to combine macromolecules in functional assemblies, we might achieve
“sustaining” objects with even unconventional abilities, as Gustave Doré depicted in his
graphics of an “impossible” hybrid creature, such as the dolphin in 8 Fig. 4.1, carrying a
dog’s head and being guided by a monkey. This image depicts the gap to be closed in order
to preserve function, while being composed of impossible matches from the evolutionary
point of view. How this might go, along with unintended consequences, is discussed in this
book under safety issues related to the field of synthetic bioarchitectures (see » Chap. 6).

In this book, we focus on membranous interfaces as a relevant and eligible example of
a highly organized, self-assembled, functional structure from nature. We use the concept
of bottom-up approaches, as these structures inherently consist of lipid molecules, orga-
nized as a two-dimensional crystal structure in a liquid ordered state. We can approach a
self-organized spherical object with our available methods and tools for characterizing
embedded proteins and even mimetics of simple biochemical feedback cycles (8 Fig. 4.2).
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The “relevance” of model systems in science...

The, living’ Membrane of a cell, which was
Described as a, fluid mosaic architecture"

A (gold surface tethered) Membrane Model System
depicting a polymeric/phospholipid membrane hybrid with
an embedded membrane protein: Integrin. (Zaba et al. 2015, ChemBioChem)

O Fig. 4.2 We will always have to compromise with the “robustness, e.g., reproducibility” offered by

a model system, reflecting only some properties of the naturally integrated system. Cells, as natural
locations of interesting biomolecules, such as membrane proteins, are subtle units with complex, inter-
calating biochemical responses and the inherent feature of aging in the course of an experiment. On the
other hand, we have to start somewhere with the attempt to “catch”a glimpse of biomaterials; as such,
we “freeze” objects, such as membrane proteins, in a tethered, metal-anchored, planar lipid membrane
architecture in order to understand, for example, ligand receptor interactions

4.2 The Minimal Cell Revisited

As explained in » Chap. 2, synthetic biology employs two basic approaches in its work: the
top-down approach and the bottom-up approach. Where these two techniques meet, at
their extremes, is the minimal cell. The concept of the minimal cell posits that all cells are
advanced variations of a much simpler cell.

An analogy would be a car that consists of just a frame, an engine, axles, and wheels.
With this simple chassis, you can then modify it to make a luxury car, an ambulance, or
even something novel. The idea of the minimal cell is similar. This method of stripping
down to the minimum is the top-down approach.

Unlike the top-down approach, the bottom-up approach attempts to put together
diverse building materials to construct complex structures. In the process of trying to
recreate parts of (or whole) cells, we will hopefully learn how each part evolved and how
each improvement solves a problem (@ Fig. 4.3). By observing what exists in nature, we
hope to find solutions to engineering problems.
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33
4.3 - The Reductionist Approach

Applied to Synthetic Biology

“What | cannot create, “Know how to solve every problem
| do not understand.” that has been solved”

How did nature solve specific problems in
biological systems?

Sensing Attachment

Compartmentalisation

Membrane

; potential
Reproduction Evolution

Healing

Can we also use these solutions?

B Fig. 4.3 Studying, reverse engineering and mimicking various structures and processes in living
systems can teach us how to develop solutions to complex biological problems. The figure quotes from
Richard P. Feynman

4.3 The Reductionist Approach

However, a cell is more than just a structure. We also have to recreate some of the pro-
cesses that occur in it (8 Fig. 4.4). As such, attempting to construct whole cells from
scratch is not trivial. A more feasible approach would be to start by making parts of a liv-
ing cell, such as the cell membrane.

Cell membranes comprise (1) various lipids, which form the bilayer; (2) proteins,
which are embedded in or attached to them; (3) carbohydrates, which modify both; and
(4) cholesterol, which modulates the membrane fluidity (8 Fig. 4.5). Using combinations
of lipids and cholesterol, one can produce artificial membranes of various forms.

However, such membranes would lack the critical membrane proteins. Various meth-
ods exist to synthesize proteins and incorporate them into artificial membranes. One
powerful approach is to supplement cell-free protein synthesis reaction mixes with artifi-
cial membranes (8 Fig. 4.6). During protein production, membrane proteins would inte-
grate into the artificial membranes.

With artificial membrane vesicles, one could mimic the surface structure of bacteria.
Most bacteria are coated with surface-layer (S-layer) proteins. They are found to form
regular patterns on the surface membranes of both Gram-positive and Gram-negative
bacteria, and serve various functions including surface attachment and virulence. One can
mimic this surface by preparing pure S-layer proteins and, under the right conditions,
allowing them to crystallize on the surface of artificial liposomes (8 Fig. 4.7).
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Not quite the minimal cell......

Mimicking just the parts? SR
« Cell surface membrane ~
» Nucleus
- Cell wall
. etc

Cell Free ribosomes

Mimicking just the processes?
» Information transfer

« Mass transfer

+ Photosensing

.- etc

O Fig. 4.4 Do we mimic biological structures or biological processes?

Mimicking structures

Cell membranes Artificial membranes

Lipids

+ Phospholipids
»  Sphingolipids
»  Glycolipids
Cholesterol
Proteins

Carbohydrates Nanodics Liposomes

B Fig. 4.5 Examples of artificial lipid membranes. Membranes can be constructed from some, or all, of
the basic components found in natural cell membranes. Different membrane structures such as tethered
planes and liposomes allow synthetic membranes to be used in diverse ways
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Artificial membranes
[

in vitro membrane-assisted protein synthesis (iMAPS)

[} " ¢
%% O
L
¢ ' Q. -
2 Lt Avrtificial
(v 2} Q membranes added
to reaction mix.
Prote.m syn.theSIS Lipid
reaction mix.
membranes.

Proteins insert and
fold into polymer
membranes during

synthesis. Membranes become

functionalized.

O Fig. 4.6 The figure illustrates in vitro membrane-assisted protein synthesis. Artificial membranes are
added to cell-free protein synthesis reaction mixes. As nascent proteins are produced, they are though to
insert into, fold and orient themselves in, the membranes

Mimicking structures

Mimicking bacterial surfaces

Liposome with
S-layer coat

¥
Uwe B. Slyetr

O Fig. 4.7 An example of how vesicles might be modified with a coat of Surface-layer (S-layer)
proteins, in order to mimic bacterial cell surfaces. (Sleytr)
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Silicon is found in living cells!

10um Mag = 2.50KXEHT = 10.00 kV System Vacuum = 2.75e-00. Pa | Probe = 3pA Signal A = SE1
WD = 12.0 mm Beam Current = 80.0 pA VP Target = 30 Pa Spot Size = 200

Surirella spiralis diatom

B Fig. 4.8 An example of how, despite being associated with all things artificial in modern culture,
silicon is often incorporated into the structure of living systems. (Angeli, 2016)

4.4 Considering Materials

In the attempt to mimic natural systems in terms of structure and function, researchers are
free to use synthetic materials. This provides the advantage of a wider choice of materials, as
well as versatility. As such, one can consider the use of atypical materials, such as silicon.
Although it is associated with synthetic products, silicon can actually be found in living sys-
tems.

Silicon belongs to the same group of elements as carbon, and hence can form many
molecules similar to carbon dioxide and methane. Like carbon, silicon is capable of con-
catenation. As such, some have posited that life based on silicon might also be possible. An
early pioneer of this idea was the nineteenth-century German astrophysicist Julius
Scheiner.

Many terrestrial lifeforms, such as diatoms, bacillariophytes, and sponges, use the sili-
con derivative silaffin as a building block (B Fig. 4.8). In diatoms, they form exoskeletons
with distinct shapes and properties. Instead of S-layer proteins, one can think of coating
artificial liposomes with such material.
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Polymer

[
Sample Name: Poly(butadiene-b-ethylene oxide)
Poly butadienerich in 1,2 or 1,4 microstructure

Sample #: P9089-BdEO
(Poly butadienerich in 1, 2 microstructure)

Structure of 1,2-rich microstructure:
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I
CH,

Structure of 1,4-rich microstructure:
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Sample Name: Poly(ethylene oxide-b-dimethyl
siloxane-b-ethylene oxide)

Sample #: P7300-EODMSEO

Structure:

CH, CH, CH, CH.

I | | ’
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|
CH,  CH, CH, CH,

O Fig. 4.9 Examples of amphiphilic polymers. Just like amphiphilic lipids, polymers with hydrophilic
(red box) and hydrophobic (green box) domains may also self-assemble into membrane bilayers. Tri-block
copolymers comprising hydrophilic domains flanking a hydrophobic domain may even form monolayers
which would still yield the hydrophilic-hydrophobic-hydrophilic internal character typical of biological
membranes

4.5 Unconventional Materials

One might even replace the lipids of liposomes with synthetic amphiphilic polymers, such
as poly(butadiene)-poly(ethylene oxide) (8 Fig. 4.9). In aqueous environments, these are
also able to self-assemble into membrane bilayers. Such membranes would be more stable
against oxidation and mechanical force than liposomes.

Even fundamental cellular functions, such as gene expression, are amenable to mim-
icry using synthetic material. An example is xXDNA, which is DNA comprising bases
extended with an additional benzene ring, in addition to the natural four (8 Fig. 4.10).
These extended bases are fluorescent and can base pair with normal nucleotides. Their use
is expected to teach us more about the behavior of natural DNA.

Another example is the expanded genetic code. Here, stop or nonsense codons in
bacteria are used to encode nonstandard amino acids (B Fig. 4.11). To do this, a mutant
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Mimicking materials
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O Fig.4.10 Unlike their natural counterparts, size-expanded nucleic acids are fluorescent. Despite the
addition of a benzene moiety, each is able to base-pair in the same way as their natural counterparts.
(Lynch et al., 2006)

Mimicking materials

Expanded genetic code ipageiromWikipedia s
«  Stop or nonsense codons in bacteria

are hijacked to encode non-standard o L ) .
amino acids. A R‘?D f(©{< f(Oi

pracetyiphenyialanine meaceyiphenyislanine P-3-0xobutancylphenyllanine (2 amino-3-hycroxyethylphenylalanine

«  Non-standard amino acids:

- Fluorescent amino acids o o YA O
- Functionalised amino acids T KT T
- etc

Labelling:  thiol reactve Labeling:  contans benzophenone (W crossinker) | Labeling:  Glucose binding

«  Allow us to probe protein function with HQ }(@P ”’HQ<:
greater versatility.

phenyiselenicylalanine prbenzoytphenylalanine p-Boranophenylalanine.

- Will not interfere with the existing

molecular biology. Hijacked codon
»  Will not be able to survive outside of (e.g. amber codon, UAG)
the host Mutant tRNA
’ Mutant aminoacyl tRNA
synthetase

O Fig.4.11 Transfer RNA (tRNA) that complement stop or redundant codons can be harnessed to
encode amino acids not among the 20 universal protein-forming ones. For this to work, a mutant amino
acyl-tRNA synthetase must also be found which is capable of activating the chosen tRNA with the non-
standard amino acid
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transfer RNA (tRNA), which will only base pair with a stop or nonsense codon, is acti-
vated with a fluorescent or chemically reactive amino acid. Using them for gene expres-
sion will allow us to probe protein function with greater versatility.

Each of these endeavors will teach us basic principles of engineering, derived from
observing how natural systems have evolved to adjust to obstacles. Eventually, the mim-
icry of biological systems might employ purely synthetic materials and perhaps give rise
to novel biological functions. Finally, in the last chapter, we will see how this strategy
might be exploited as a safety measure against the accidental release of synthetic organ-
isms into the natural environment.

—Take-Home Messages

1. The bottom-up approach attempts to use basic materials to construct complex
structures mimicking either the structure or the function of living systems.

2. As whole cells are too complex to mimic entirely, some researchers attempt to
mimic only specific structures, such as the plasma membranes of prokaryotic and
eukaryotic cells.

3. These attempts might also include the use of unconventional materials for build-
ing such structures.

4. These materials include functioning substitutes for amino acids, nucleic acids, and
phospholipids, among others.

5. Such synthetic characters might serve as a safeguard against the accidental
release of synthetic organisms.
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