


i

e - =
. —
" R

\

-

Eosre

RESEARCH

Corrected 28 June 2016; see full text.

ENCE Vol 351 /%280

RESEARCH ARTICLE SUMMARY

SYNTHETIC BIOLOGY

Design and synthesis )

bacterial genome

Clyde A. Hutchison IIL*} Ray-Yuan Chuang,} Vladimir N. Neskov, Nacyra Assad-Garcia,
Thomas J. Deerinck, Mark H. Ellisman, John Gill, Krishna Kannan, Bogumil J. Karas,

Li Ma, James F. Pelletier, Zhi-Qing Qj, R. Al

r’g ey 9

LMK\__ 4%.

14 M1

Richter, El h A. Strychalsk

Lijie Sun, Yo Suzuki, Billyana Tsvetanalm, K- S"wW)sg, Hamilton O. Smith, John I. Glass,
Chuck Merryman, Daniel G. G'bs{m, J. Craxg Venter*

Y

INTRODUCTION: In 1984, the simplest cells
capable of autonomous growth, the mycoplas-
mas, were proposed as models for understanding
the basic principles of life. In 1995, we reported
the first complete cellular genome sequences
(Haemophilus influenza, 1815 genes, and Myco-
plasma genitalium, 525 genes). Comparison of
these sequences revealed a conserved core of
about 250 essential genes, much smaller than
either genome. In 1999, we introduced the meth-
od of global transposon mutagenesis and ex-
perimentally demonstrated that M. genitalium
contains many genes that are nonessential for
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rand synthe51s to the problem of minimizing a
| cellular genome. ..

growth in the ]aboxatoxy, even thouﬁll it has the

-

smallest genome utonomously
repllca ating cell found in nature. This implied
that it should be possible to produce a minimal
cell that is simpler than any natural one. Whole
genomes can now be built from chemically syn-
thesized oligonucleotides and brought to life by
installation into a receptive cellular environ-
ment.’ We have applied whole-genome desxgn
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RATIONALE: Since the first genome sequences,
there has been much work in many bacterial
models to identify nonessential genes and
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Four design-huild-test cycles produced JCVI-syn3.C
(A) The cycle for genome design, building by means;
of synthesis and cloning in yeast, and testing for via-
bility by means of genome transplantation. After each
cycle, gene essentiality is reevaluated by global trans-
poson mutagenesis. (B) Comparison of JCVI-synlO §
{outer blue circle) with JCVI-syn3.0 (inner red circle),

showing the division of each into eight segments. The
red bars inside the outer circle indicate regions that
are retained in JCVI-syn30. (C) A cluster of JCVI-syn3.0
cells, showing spherical structures of varying sizes

{scale bar, 200 nm).
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define core sets of conserved genetic func-
tions, using the methods of comparative ge-
ften, more than one gene product can
aparticular essential function. In such
‘neither gene will be essential, and neither
necessarily be conserved. Consequently,
these approaches cannot, by themselves, iden-
tify a set of genes that is sufficient to constitute
a viable genome. We set out to define a minimal
oellula.\' genome experimentally by designing and
then testing it for viability.
goal is a cell so simple that we can determine the
molecular and biological function of every gene.

perfo

RESULTS: Whole-genome design and synthe-
sis were used to minimize the 1079-kilobase
pair (kbp) synthetic genome of M. mycoides
JCVI-synL0. An initial design, based on collective
knowledge of molecular biology in combination

with limited transposon
mutagenesis data, failed
Read the full article to produce a viable cell

at http://dx.doi. Improved transposon mu-
org/101126/ tagenesis methods revealed
science.aad6253 a class of quasi-essential

genes that are needed for

robust growth, explaining the failure of our
initial design. Three more cycles of design, syn-
thesis, and testing, with retention of quasi-
essential genes, produced JCVI-syn3.0 (531 kbp,
473 genes). Its genome is smaller than that of
any autonomously replicating cell found in
nature. JCVI-syn3.0 has a doubling time of
~180 min, produces colonies that are morpho-
logically similar to those of JCVI-synl.0, and
appears to be polymorphic when examined
microscopically.

CONCLUSION: The minimal cell concept
appears simple at first glance but becomes
more complex upon close inspection. In addi-

tion to essential and no ial genes, msr_g‘
are maj@'uasr%seitial 2nghgich are not
absolutely critical for viability but are nevertheless
required for robust growth. Consequently, during
the process of genome minimization, there is a
trade-off between genome size and growth rate.
JCVI-syn3.0 is a working approximation of a
minimal cellular genome, a compromise be-
tween small genome size and a workable growth
te for an experimental organism. It retains
most all the genes that are involved in the syn-
esis and processing of macromolecules. Un-
pectedly, it also contains 149 genes with
uhknown biological functions, suggesting the
presence of undiscovered functions that are es-
sential for life. JCVI-syn3.0 is a versatile plat-
form for investigating the core functions of life
and for exploring whole-genome design. =
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i Organisms are defined by the information encoded in their genomes,
*\.. and since the origin of life this information has been encoded using a
“ ™= two-base-pair geneticalphabet (A-T and G-C). In vitro, the alphabet
has been expanded to include several unnatural base pairs (UBPs)""*.
y We have developed a class of UBPs formed between nucleotides bear-
- " hobic nitgleobases, exemplified by the pair formed between
) 7 SICS-dNaM), which is efficiently PCR-amplified"

in vitro, and whose unique mechanism of repli-

§ P 5 cation has been characterized®’. However, expansion of an organ-

ism’s genetic alphabet presents new and unprecedented challenges:

,@p 3 the unnatural nucleoside triphosphates must be available inside the

==, cell; endogenous polymerases must be able to use the unnatural tri-

D™ phosphates to faithfully replicate DNA containing the UBP within

* 7, the complex cellular milieu; and finally, the UBP must be stable in

the presence of pathways that maintain the integrity of DNA. Here

we show that an exogenously expressed algal nucleotide triphosphate

parfap- transporter efficiently imports the triphosphates of both d5SICS and

~ < dNaM (d5SICSTP and dNaMTP) into Escherichia coli, and that the

endogenous replication machinery uses them to accurately replicate

‘*: a plasmid containing d5SICS-dNaM. Neither the presence of the

. unnatural triphosphates nor the replication of the UBP introduces a

notable growth burden. Lastly, we find that the UBP is not efficiently

excised by DNA repair pathways. Thus, the resulting bacterium is the
first organism to propagate stably an expanded genetic alphabet.

- i\\
A semi-synthetic organism with an expanded
genetic alphabet —

Txfngjian Chen', Nan Dai?, Jeremy M. Foster?, Ivan R. Corr
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suggest that decomposition is mediated by phosphatases. As no degra-
dation was observed upon incubation in spent media, decomposition
seems to occur within the periplasm. No increase in stability was observed
in cultures of single-gene-deletion mutants of E. coli BW25113 lacking
a specific periplasmic phosphatase'” (as identified by the presence of a
Sec-type amino-terminal leader sequence), including phoA, ushA, appA,
aphA, yjiX, surE, yfbR, yjjG, yfaO, mutT, nagD, yggV, yrfG or ymfB,
suggesting that decomposition results from the activity of multiple phos-
phatases. However, the extracellular stability of [o-**P]-dATP was sig-
nificantly greater when 50 mM potassium phosphate (KPi) was added to
the growth medium (Extended Data Fig. 3). Thus, we measured [o- 2p].-
dATP uptake from media containing 50 mM KPi after induction of the
transporter with isopropyl-3-D-thiogalactoside (IPTG) (Extended Data
Fig. 4). Although induction with 1 mM IPTG resulted in slower growth,
consistent with the previously reported toxicity of NTTs", it also resulted
in maximal [o-**P]-dATP uptake. Thus, after addition of 1 mM IPTG,
we analysed the extracellular and intracellular stability of [o-**P]-dATP
as a function of time (Extended Data Fig. 5). Cells expressing PINTT2
were found to have the highest levels of intracellular [2-*P]-dATP, and
although both extra- and intracellular dephosphorylation was still observed,
the ratio of triphosphate to dephosphorylation products inside the cell
remained roughly constant, indicating that the extracellular concen-
trations and PEINTT2-mediated influx are sufficient to compensate for
intracellular decomposition.
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A machine learning Automated Recommendation
Tool for synthetic biology

Tijana Radivojevi¢® 23, Zak Costello'?3, Kenneth Workman® 3% & Hector Garcia Martin @ 123~

Synthetic biology allows us to bioengineer cells to synthesize novel valuable molecules such
as renewable biofuels or anticancer drugs. However, traditional synthetic biology approaches
involve ad-hoc engineering practices, which lead to long development times. Here, we pre-
sent the Automated Recommendation Tool (ART), a tool that leverages machine learning and
probabilistic modeling techniques to guide synthetic biology in a systematic fashion, without

the need for a full mechanistic uunder<tandine of the biolocical svetem llcine <sampline-based
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Opportunities at the Intersection of Synthetic Biology, Machine
Learning, and Automation

Pablo Carbonell,’ Tijana Radivojevic,i’” and Héctor Garcia Martin®*%/+

"Manchester Synthetic Biology Research Centre for Fine and Speciality Chemicals (SYNBIOCHEM), Manchester Institute of
Biotechnology and School of Chemistry, University of Manchester, Manchester M1 7DN, United Kingdom
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ABSTRACT: Our inability to predict the behavior of pRNING

Sy
biological systems severely hampers progress in bioengineer- q,& ' Y% N
ing and biomedical applications. We cannot predict the effect »£Q f \ %o m D g
of genotype changes on phenotype, nor extrapolate the large- g 32 o > &= o
scale behavior from small-scale experiments. Machine learning Biomedical 1 -
techniques recently reached a new level of maturity, and are FEECSStens N Rigerigiesting
capable of providing the needed predictive power without a Auromano™

detailed mechanistic understanding. However, they require
large amounts of data to be trained. The amount and quality of data required can only be produced through a combination of



