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Defining the Rules of Biology in the Age of Genome Writing

Adrian Woolfson™

In a series of new papers published in Cell and Cell Genomics, an international consortium has generated synthetic versions of
all 16 yeast chromosomes as well as 1 synthetic neochromosome. Half of these synthetic chromosomes were incorporated into
cells that can survive and reproduce without any significant growth deficit. The synthetic yeast genome project (5c2.0) lays the
foundation for a Hipparchian map of biology.
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Synthetic organisms generated on a personal computer using rational design rules.
(Image generated by the author using DALL-E, inspired by a DALL-E image produced by Andrew Hessel and released on “X")
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LESSONS FROM Sc2.0 AND THE RULES OF BIOLOGY

round 300 years prior to the publi-
A cation of Claudius Ptolemy’s

Algamest,' in the second century
AD, the Greek astronomer Hipparchus as-
sembled the first ever compendium of
the night sky.? This mathematical map
of the cosmos detailed, for the first time,
the position of nearly every star and heav-
enly body visible to the naked eye. The
Hipparchian map is of key importance
to the history of science, as it marks the
beginning of the “mathematization” of
nature.

Through fusing Babylonian celestial
modeling with Greek geometry, Hip-
parchus transformed astronomy from a de-
scriptive science into a predictive one.
Despite the compelling precedent, as yet
there are no universal biological laws rem-
iniscent, for example, of Newton'’s law of
motion or Carnot's law of thermodynam-
ics. Although replete with data, biology
lacks a unified predictive framework with
which to comprehend it. This situation,
however, may be about to change.

The Synthetic Yeast Genome
Project (Sc2.0)

In a landmark achievement marking the
inception of a new generative age of ge-
nome design and writing, the interna-
tional Sc2.0 consortium initiated in 2010
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FIG. 1.
genome writing technologies.

by Jef Boeke at NYU Langone Health, Pat-
rick Cai at the University of Manchester,
and colleagues in China, Singapore, and
Australia, announced that they had fin-
ished the complete “bottom up” synthe-
sis, assembly, and debugging of all 16 of
the human-designed budding yeast Sac-
charomyces cerevisiae chromosomes.>”'?

In addition to the 16 synthetic rewrit-
ten chromosome analogs whose design
is based on their naturally occurring
counterparts, the team also manufac-
tured a completely artificial 17th neo-
chromosome, for which there is no
precedent in nature® To date, 7.5 of the
synthetic chromosomes, representing
around 54% of the 12-Mb genome of
yeast, have been assembled into a single
artificial organism.

The importance of this achievement in
the context of the history of life on Earth
cannot be overstated. It represents the
closing of a circle that enables a product
of human culture, the ability to design
and write genomes, to feed back into
the genetic structures of organisms, and
reconfigure them in a way that goes far
beyond anything possible in nature
(Fig. 1). Following 3.6 billion years of in-
cremental building upon life’s ancient ge-
netic history, it is finally possible to
entertain the possibility of systematically
redesigning existing species, resurrecting
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extinct ones, and constructing entirely
new ones from first principles. It estab-
lishes the foundation of a new science
of “generative biology.”

Each of the 16 natural eukaryotic S. cer-
evisiae chromosomes was redesigned in
silico using an open-source tool called
BioStudio, according to a prescribed set
of iteratively applied design principles.'
These may broadly be grouped into
streamlining, defragmentation/refactor-
ing, and the introduction of novel fea-
tures. The streamlining design features
included (1) removal of transposons, and
(2) nonessential introns, as well as (3)
telomere standardization. Defragmenta-
tion/refactoring was achieved by (4) relo-
cating all tRNA genes onto a 17th artificial
neochromosome to increase genomic
stability. Novel introduced features in-
cluded (5) an on-demand inducible evo-
lution system known as synthetic
chromosome recombination and modifi-
cation by LoxPsym-mediated evolution
(SCRaMbLE). Following Cre-recombinase
induction combinatorial chromosomal
rearrangements generate tremendous
genetic diversity. Others were (6) the
swapping of TAG codons for TAA to pro-
vide the potential to incorporate nonca-
nonical amino acids into proteins, (7)
the introduction of a PCRtag watermark
system, and (8) installing a synthetic
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Augmented feedback into genome sequences resulting from genome folding enabled design and

The modification of genomes has, since life’s origin, been driven by stochastic mutation events caused by copying errors, ultraviolet radiation,
and other mechanisms coupled with evolution by natural selection and historical contingency. These canonical natural methods of
mutagenesis were subsequently, in our own species, supplemented by natural breeding methods for altering the frequency of genes in
populations. Somatic and germline recombinant DNA methods and gene editing technologies such as CRISPR, base editing, prime editing,
zinc finger proteins, and TALENs have more recently allowed the sequences of genomes to be modified in a direct and bespoke manner.
Such methods are not, however, readily capable of extensive redesign, which has been made possible using genome writing technologies
coupled with emerging new methods of genome design.
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nutrient-dependent biocontainment sys-
tem (not yet done, but there are sev-
eral auxotrophies in the strain used, so it
is perhaps debatable whether this feature
is necessary). It is notable that the basic
genome writing method, SwAP-In that
was used to build the whole genome pre-
dated the use of CRISPR, and indeed the
synthetic chromosomes were generated
without the use of CRISPR.

Early Biological Insights from Sc2.0
The key objective of the Sc2.0 project was
to generate a reprogrammable yeast with
a redesigned genome that recapitulates
the wild-type phenotype and strain fit-
ness with high fidelity. The principal mea-
sure of this is the presence or absence
of growth defects known as “bugs.”
These may arise as a result either of chro-
mosomal sequence modifications—espe-
cially to noncoding regions—or following
amalgamation of synthetic chromo-
somes, which may generate combinatorial
bugs. They are largely a consequence of
design defects resulting from our current
incomplete knowledge of genome func-
tion. The team demonstrated that bugs
may be efficiently hunted down and cor-

rected through both rational engineering,
and adaptive laboratory evolution. As
such, the researchers have essentially real-
ized their objective.

The principal result is the astonishing
plasticity of the S. cerevisiae genome,
which turns out to be remarkably resilient
to fundamental restructuring and perva-
sive nucleotide sequence modifications.
Of the approximate 250,000 sequence
changes made, just 0.1% led to a fitness
deficit “bug.” This, and other ongoing les-
sons learned through an iterative Design-
Build-Test-Learn process, such as the fact
that centromeres are more complicated
than we thought, will help establish the
ground rules for restructuring and rein-
venting the genomes of more complex
species. The success of the Sc2.0 project,
in some ways, also provides a validation
of the computational metaphor in biolo-
gy,'* which at least in this case, provides
the basis of a compelling and coherent
operative model. The successful genera-
tion of a neochromosome has established
the basis of a new science of de novo
in silico chromosome design and con-
struction.

A striking example of this was the
hierarchical engineering of 275 tRNA
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genes into eight modules in which all
the tRNAs are encoded on the same
strand. These modules were, further-
more, designed to avoid collisions
between actively transcribing RNA poly-
merase and oncoming replication forks.
Unresolved questions waiting to be
determined include: whether all introns
and the accompanying spliceosomal
machinery can be removed from the
genome, whether new species can
be generated by genome scrambling,
whether new strains can be made to
grow faster than existing ones, if transla-
tion can be reprogramed using the tRNA
neochromosome, and the long-term
behavior of the rRNA neochromosome.
While biological systems lack the or-
thogonality of human-made machines'?
and likely operate through “fuzzy”
logic'® rather than the exclusively
Boolean-type processes characteristic of
existing synthetic biology approaches,
and generate much of their order
through the self-organizing processes
that emerge as a result of physics and
chemistry, they should nevertheless be
computable. As such, they must be rule-
based, and those rules should be discov-
erable. Ultimately, it seems reasonable

FIG. 2. The three-dimensional genome is envisaged as containing the key information necessary to compute
specific differentiated cell types, tissues, organs, and potentially also the morphology, and emergent behaviors of

complex organisms.

This information, comprising the integral of all transcriptional regulatory activity in a genome, defines a putative “genome folding code”
reminiscent of the genetic code that specifies how linear nucleotide sequences are translated into primary amino acid sequences, and the
protein folding code that may be indirectly defined through the use of Al models, such as AlphaFold, that enable many protein structures to
be reliably predicted.” It is likely that genome folding models derived from primary nucleotide sequences are likely to further benefit from Al
models that have been trained using chromosome conformation capture and super-resolution microscopy data. Al, artificial intelligence.
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FIG. 3. Al-assisted folding of human chromosome 1 (250 Mb) depicting inferred 3D contact maps in
undifferentiated and differentiated cell types.
(A) The chromosome fold in a hESC, showing open chromatin, which is conducive to pluripotency.
(B) The chromosome fold in a differentiated cell where chromatin is regionally condensed.
(C) In hESCs a non-coding Alzheimer's disease-related SNP (magenta) identified by GWAS and two genes (purple) are spatially distant and do

not interact.

(D) In a differentiated cell, the same SNP and genes are in close spatial proximity, despite being ~ 10 Mb apart (a distance almost equivalent
to the size of the entire yeast genome) in linear sequence (Bo Jing unpublished data). GWAS, genome-wide association studies; hESC, human
embryonic stem cell; SNP, single nucleotide polymorphism.

to hypothesize that the “program” deter-
mining complex organismal structure re-
sides in the 3D structure of genomes,
namely their “fold.” If there are laws of
predictive biological design to be discov-
ered, they are, most likely, located there.

A key finding of the Sc2.0 project is
that the Hi-C contact maps derived from
synthetic chromosomes have much
smoother contact patterns than those of
native chromosomes. This enhanced
‘mappability’, likely resulting from the
removal of repetitive elements, provides
a rationale for the streamlining of
human chromosomes to better character-

ize their folding behavior. It also estab-
lishes a paradigm for investigating how
the trajectory of chromosomes in nuclear
space impacts the core features of living
organisms.

The apparent resilience of the yeast
genome to substantive changes in chro-
mosomal nucleotide sequence and spa-
tial orientation, including fusing the 16
chromosomes into two giant ones and
modifications that literally turn the
genome ‘inside out’,'®%° raises the ques-
tion of whether a unicellular eukaryotic
organisms like yeast, comprises a suitable
model for studying chromatin spatial

organization in higher order eukaryotes,
in particular humans. While Jacques
Monod argued for the generality of bio-
logical principles, stating that what it
true for the E. coli is true for the elephant,
it is also the case that a difference in
amount may amount to a difference in
kind.

As the complexity of genetic regula-
tion increased in phylogeny, the impor-
tance of genome spatial configuration
likely became more prominent. It seems
likely, therefore, that human and other
high order genomes will be more sensi-
tive to the types of manipulations to
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which the yeast genome was subjected
by the Sc2.0 consortium, and it remains
to be seen whether the behavior of
human chromatin recapitulates the lack
of sensitivity to 3D genome reconfigura-
tion observed in yeast.

The complexity of multicellular form
and function is likely predicated on the
ability to systematically control 3D spatial
orientation in a more complex and
nuanced manner. In mammals, for exam-
ple, chromatin is packaged into higher
order structures such as topological asso-
ciation domains (TADs), as compared with
yeast that lacks well-defined TAD-like
intra-nuclear chromatin territories. The
potential relevance of global 3D chroma-
tin structure in human genome function
in contrast with the predominant role of
local structure in yeast, is supported by
data implicating its role in both pathological
alterations in, for example, acute myeloid
leukemia and in natural development pro-
cesses, such as the facilitation of enhancer
specificity in limb morphogenesis.?'*

In the same way that Al can predict
protein structure without understanding
the laws by which this actually happens,
it should by analogy be possible to infer
core features of complex organismal
structure from the study of genome
folds (Fig. 2). As is the case with Al-
based protein structure prediction, you
don’t necessarily need to understand
the details of the physical and chemical
nature of the self-organizing principles
of life, to infer and utilize general con-
struction rules to build it."”

Understanding the “folding code” of
the human genome is likely to be
immensely consequential and has the po-
tential to open up countless opportuni-
ties to improve human health, longevity,
and well-being (Fig. 3). It will also have di-
agnostic and prognostic utility in disease
settings and may predict potential re-
sponders to therapeutic interventions. It
is possible to anticipate a new type of
therapeutic medical science focused on
the repair of aberrant genome folds.

Defining a Hipparchian Map of
Species and a Manifesto for Life
When Hipparchus looked up at the night
sky, he was able to discern just a minute
fraction of the stars and planets in the

known Universe. Beyond this lay an im-
penetrable, and unknowable heart of
darkness. With the launch of the James
Webb Space Telescope (JWST) in
2021,?3 the extent of the visible Universe
dramatically expanded. Previously invisi-
ble regions of sky were now seen teeming
with sparkling galaxies and breathtakingly
expansive seas of multicolored galaxies. If,
by analogy, the putative generative laws
of biology could be defined they would
form a type of biological JWST, and
make it possible, like Hipparchus, to pro-
duce a map detailing a morphospace
comprising not just all existing and extinct
species, but the incomprehensively vast
and uncharted universe of all possible
species.®**> At a more granular level,
and as the resolution increases, it should
also be possible to define, for example,
the space of all possible cell types, includ-
ing ‘unused’ cell types that have never
previously been identified or realized.
The achievements of the Sc2.0 project
are the earliest tentative steps in the crea-
tion of this Hipparchian map.

This cartographic project, dependent
on a comprehension of life’s generative
grammar, will eventually impact almost
every human endeavor and requires an
extensive and inclusive societal debate
to define a manifesto for life. This will
help calibrate the relationship between
the natural and artificial, emphasize the
importance of preserving biodiversity,
facilitate the establishment of an appro-
priate governance and regulatory frame-
work, and ensure that this new frontier
is explored in a responsible and ethical
manner that benefits all humanity.
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