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Abstract

The unpredictability and complexity of biological systems limit the development
of economically efficient bidbased production processes thaly on renewable
carbon sourcesand are esséial for biosustainability and environmental
protection Synthetic bblogy (synbio)aims at making biology easier to engineer
andaddresses these challenges.

The ability to systematically construct, modify and tune biological systems from
fully characterized biological components, or pait crucial to the success of
synlio projects. This thesis aims at contributing to standardization and part
sharing with the development and improvement of DNA editing strategies,
compatible with other NA assembly methodofpes, genome engineering and,
eventually, automation processes.

Expanding and optimizinghe synbio toolkithas important applications in
pathway optimization for metabolic engineering, design and characterization of
gene circuits, synthesis of whole genomes and natural product disctivdine

with this, it is also dscribed in this thesis hodiscovery of new cytochromes

P450 (CYPsJrom marine bacterigould benefit industrial processes.



DanskresumZ

Uforudsigeligheén og kompleksitedn af biologiske systemer begr¥nse
udviklingen af¢ konomisk effektive biobaserede produktionsprocessgrisse
er afh3ngige afedvarendekulstofkilder og er afg¢rende fdriob¥redygtighed
og milj¢ beskyttelse. Syntetisk biolo¢gynbio) har til formEl amuligg¢ére og
standardisere ugttelse og design af nymologiske systemer.

Evnen til systematisk at konstruere, modificereoptimerebiologiske systemer
fra velkarakteriserde biologiske komponenter er afg¢rende for succes i synbio
projekter. Denne afhandling bidrager til at standadisee og forbede DNA
redigeringteknologier til modelbakterierEscherichia coli- og i sidste ende
muligg¢ reautomatiseringf sCEdanmrocesser.

Udvidelse og optimering aen synbio v3arkt¢jskasseer desudenvigtig for
biosynteseptimering,designaf cdlefabrikker og opdagelseaf nye naturstoffer

| trcEd med dettenders¢ gesnarine bakterigs potentiale for opdagelsen afe

enzymeltil anvendelse iindustrielle processer.
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Introduction and thesis overview

To reduce the worl@siependency on qibur society hato change from a fossil
based industry to more biosustainableproduction strategiesEnvironmental
protection and biosustainability are currently heavily dependent on economically
efficient biobased production processrsm renewable carbon sourée§he
problem with this approach is that biological systems eoenplex and
unpredictableSynthetic biology (synbiocdddresses these challenges.

One definition of synbio is the attempt to make biology easier to enginbgr
understanding andnaking sense of composition and rational logic of biological
system&”. Its potential was m@ognized in 2012 when synbiwas included irthe
World Economic ForumOs Global Agenda Council on Emerging Technologies as
one of the top 10 emerging technologies

(http://www.chemistryviews.org/dails/news/1478647/The 2012 Top 10 Emer

ging_Technologies.html Important accomplishments aritle available synbio

toolkit have been reviewéd.

The vision of syhio relies onkey concepts such amultidisciplinarity and
standardizationThe ultimate goaof the fieldis the targeed design andational
construction otomplexbiological systems for industrial purposes

In 1988, Richard Feynman saidV®at | cannot create, | do not understaritis
statement has bec® a foundational concept of synbiohel success of future

synbio and biotechnology will depend on the ability to systematically cohstruc



modify and tune biological systems fromfully characterized biological
components or part§. Parts are defined as DNA fragmenthat perform a
specific function in a genetic circuitnd a extendedcatalogue ofwell-studied
biological partsis currently lacking.Bringing people together in &ighly
dynamic synbio community for the common goal ofatheing knowledge in a
systemati way is one of the adopted strategies to overcome this limitation.
Several groups are currently involved in shaping the field such as funding
agencies, research cess, companies or amateuDbiohackersQike the
International Genetically Engineered Mauohi(iGEM) student competition ¢he
do-it-yourself biology DIYBIO) movement*®

When starting a new synbio project, theretgpacally at least four parameters to
consider whenchoosingthe moleculartools and thecellular containerthat
accommodate and execute the necessary cellular functionthe€ chassiy, for
production of specific proteins, chemicals and genetic cifcuits

a) Chassis stability and growth conditions;

b) Available DNAeditingtechnologies;

c) Ability to manipulatehomologous andheterologous biosynthetic pathways
(e.g.promoters and vectors);

d) Software tools for assistedaining and debugging



Thesis outline

This thesis focuses on sevemaportanttools used insyrbio. For simplification
purposes, a glossary with the synldoncepts used throughout the thesis is
provided (on page4). The thesisis focused mainly on three of the above
mentioned parameters: chassis selection, available DNA editrategiesand
software tools Additionally, the most recent advancas DNA synthesis and
sequencingas well asexamples ofsome of the mossuccessful applications
using synbb toolsare briefly discussedrhe need for standardization and more
efficient DNA assembly technologiesuelled the work dscribed in three
publications: Paper + Accurate DNA assembly and genome engineering with
optimized uracil excision cloningPaperll B Uracil excision for assembly of
complex pathwaysPaper [P SEVA linkers: a versatile and automatable DNA
backbone exchange standard for synthetic bialdtpper V- Marine Bacterial
Cytochromes P450 and their potential in bioteésha good examplen how
powerful in silico tools can be for new enzyme discovery with industrial
applications.Finally, concluding remarks and future perspectives are described,

summarizinghe contribution of this project to the synbio field.



1. Glossaryblmportant synbio concepts

Abstraction - the idea that complex biological functions can be organized across
levels and conceptually separated from the original sequence gontext

BioBrick s - standardized biological components

Chassis- cellular container that accommodatand executes tihequiredcellular
functions

Combinatorial - assemblywith any numbeirof parts at any number of defined
positions

Destination vector - the vector into which the DNArom entry vectowill be
sub-cloned

Entry vector D the vector thatarries the DNA segment to be transferted
destination vector

Forbidden sitesbrestriction sites recognized by restriction enzymes that ¢anno
be present in parts to be assesdbl

Genetic circuit - functional clusters ofeneghat impact each other'smgression

Modularity B the ability of a componenbr systemto functionin a context
independentvay;

Operon - group of genes under the contri a single promoter or multiple
promoters

Orthogonality Bindependent behawio of biological parts

Standardization D process of developing or implementing technical standards
(fully characterized parts)

Part - DNA sequence defined ba specific function it performs in a genetic
circuit;

Pathway Bgroup of gees or operonsvhich may perform related functigns
Transcriptional units - DNA sequences that encode a single RNA molecule

together with sequences required for its transcriptiosually promoter, open
reading frame anterminator



2. The pre-synbio Era: History of recombinant DNA

engineering

The ducidaion of themolecular structure of DNAn 1953 by James Watson,
Francis Crick and Rosalin Franklin waa importanffirst step inthe history of
recombinant DNA engineerin@ince then, several achievemeh#se joinedthe
hall of fame in DNA engineeringfrom oligonucleotideandgenesynthesido the
discovery of restriction enzyméBigure 1) These toolxreatedthe basis fothe
first successful recombinant DNA engineefffig andfor the firstheterologously
expresed genefor production of a recombinant pharmaceutical profeiman

insulin) in the early 80&s

Figure 1 BTimeline on history of recombinant DNA engineering

Less thana decde later, the development ofthe Polymerase Chain Reaction
(PCR was a majombreakthrough.The simple and exponential nature of PCR
which consists bthe combined action of two synthetic oligonucleotides with a

DNA template strand and a thermophilic DNAlymeraseis a prime example of



a humammade innovation that revolutionized molecular biolo\CR simply
made it easy to work with DNAShortly after the advent of PCR, a plethora of
novel methodsfor DNA editing were developedDNA reading and writing
technologies followed andaround the new millenniumcommercial gene
synthesis by Blue Heron Biotechnologies, Inc and Next Generation sequencing
hit themarket.

Recent major achievements thatvill transform synbio are related to the
development of CRISPRas (Clustered Regularly Interspaced Short Palindromic
Repeats)engineering systemslust like restriction enzymesCRISPR is a
bacterial immune mechanism used by many prokaryotes for protection against
invading nucleotide sequenc¢&®. Transformationfrom a natural immune
systen to agenome engineering totlappened when two independent reports
demonstrated for the first time that type Il CRISPR/Cas9 nucleasas (fr
Streptococcupyogenelscould be programed using short synthetic guide RNAs
(gRNAs) for sequenespecific targeting and cleavage in human and mouse
cell$*? In the same yedP013) thiswas shown for bacteria using Cas9 frém
pneumonia®€. The ability to reprogram Cas9 to target any sequence, as well as
the accuracy, efficiengysimplicity and costof CRISPR/Cas systems turned
CRISPR/Cashased genome engineering intoe tmost popular technology
currently availableln essence, CRISPR is doing to genome engineering, what

restriction enzymes and PCR did to DNA engineering.



Overall, the constant innovation and improvement of most of these technologies

help build the foundains of synbio.

3. The value of standardization and part sharing

Biological systems are generally complex and unpredictable, which makes them
difficult to engineer.Furthermore, combinatorial studies can easily become too
laborious or even unfeasible torfiem when assembly of hundreds pdrtsis
required. Finallyjncreased complexitfrequentlycomes with a price tag.hese
fundamental challengesere a call to action for development of more efficient
characterization strategies amgben sharing of infemation andparts which
would be beneficial for the whole scientific commufily. There isgeneral
agreement that the success of building processes depanchore efficienand
designdrivenuse ofpredictable standards.

The engineering of biology needtssdardization since it enables selectamd
recycling of requirel DNA elementdrom a vast list oforeviously characterized
parts as well as partxchange between different useith this perceptiorcame

the attempt to establish large registries of parts

The NOMAD (Nucleic acid Ordered Assembly with Directionalityasprobably

the first attempt to standardize DNA construction aagpened 20 years &jo
More than a decadater, the Registry of Standard Biological Parts appeared as a

joint effort involving the International Genetically Engineered Machine (iGEM)



student competitionhftp://www.igem.ory and the BioBricks Foundatiéh It is

still widely used by the scientific community, despite severstrépancies being
reportedin quality and publishedsequencesThe Standard European Vector
Architecture (SEVA) platfordf®™! is yet another large repository of parts that
includes broad host range origins of replicatiSever other repositories were
then reported like the JB-ICEs registry’? or the BIOFAB collectior’>** now
available in theAddgene repositor§ that containsmore than31,000 unique
plasmids available for the scientiftommunity. More recently, theGenoLIB
databas® aimed at getting rid of problems regarding ambiguous plasmid
annotations.

The open source nature of these repositories is both advantageous and limiting.
The public accessibility and frebaring of information angbarts enableaster,
cheaper and less laborious experimental design and teStagdardizatiorgoes
together with simplicity and should be accompanied by as few rules as possible.
Despite the facilitated sharing process, thare still intellectual property (IP)
issues and costs for shipping and general operating mainterancsharingcan

have additionaldrawback and users should keep in mititht there might be
some lack of consistency in parts descriptom that unprddtable interactions
between different elements may ocCurln other words universality and

orthogonality should not be taken for grarifed



Predictability of partsis hence a major challender syrbio projects The idea

that complex biological functions can be organized acwdifferent levels and
conceptually separated from the original sequence context defines the use of
abstraction in sylio®. Together with powerful Stware tools and programming

to achieveautomation, abstraction isrucial for the attempt topredict and
optimize reliable part behaviar®. Additionally, advances in metrologythe
science of measurementyill increase confidence ipart characterization
associated measuremenjs contribute to reproducibility between different
laboratories and, thus, reliable characterizatiopaofs or standardizatidh

Overall, the green, clean and cheap vision of synbio will depend heavily on
standardizatiorand predictability of standardahich will only be accomplished
with thedevelopment of DNA editing technologiasd software too]sas well as

full characterization and optimization of the host cho$en expres®n of

synthetic circuits.

4. Model cell factoriesbchassisselection

In syrbio, the chassis is theellular containefor host)that provides structures to
accommodate and execute the necessary cellular funclibeschoice of chassis
is thus a crucial step in bjgroduction of any chemical or proteisince it will
influence tke function and behavim of genetic element$*® The production

host, or cell factory, should beonpathogenic,genetically stable andvell-



characterized, bable tosurvive under the desired processiditions (such as
specific pH and temperature lmw nutrient requirements) arideally possess a
catalogue of available engineering tdal#\dditionally, oneshould also conside
whetherthe desired metabolic pathway exits or canrbeonstruad in that
particula hosf®. Several options are currently available for chassis seléktion
However, two microbial cell factories Escherichia coliand Saccharomyces
cerevisiae havedominatedas workhorses igyrbio tool development as well as
bio-production of chemicals or proteins with applications in pharma, food or

biotech industry.

4.1.Escherichiacoli

The Gram negative, facuttaely anaerolx, rodshapedbacteriumk. coli is by

far the most widely studiedrokaryoic model organisnd and in fact probably

the best studied living organistwhile some strains might be pathogenigstn

E. colistrains ag part of the natural floraf the gut of warrrblooded organisms.
This robust bacteriunpossesses a number of properties that make it an ideal
candidate for metabolic engineering and kdgnsuch asfast doubling time
metabolic versatilitywell-known metabolism and genome, and alai# genetic
tools for strain manipulation and engineefff*®. Despite being the host of
choice for development of DNA engineering technologigspathogenicE.
coli®s fame is due to tlwensiderable amount afenerallyrecaynizedas safe

(GRAS) recombinant pharmaceutical proteitigat are being produced inthis

10



model organismas well as biduels, amino acids, sugar alcohols, diols and

polymeré?.

Major shortcomings of usig E. colias a chassis include the inability to perform

posttranslational modifications such as glycosylation, common in eukaryotic

proteins the susceptibility tgphage attackand production of endotoxiffs®*.

4.2.Saccharomycesgerevisiae

The bake® yeastis the most intensively studied unicellular eukaryatel the
first genetically modified organism to be approyeduse in food productiorAs
bacteria,S. cerevisiags a fast growing, weltharacterized organism with a vast
array ofengineering tools that justify ifsequent us¥. Besides being tolerant to
low pH and high sugar and ethanol concentrati@scerevime shares more
similarity with higher organismsn terms of complexity of cellular structyrand

is able to perform podtanslational modifications that are required fooduction

of most eukaryotic proteingurthermorethe GRAS statusf both S. ceevisiae
and yeastlerived productielped build its reputation as a host of ch8ickpart
from centuris of use inbaking, brewing,wine making and bieethanol
production this microorganismhas proven its value as eell factory for
production of amorphadiene, vanillin, polyketides, isoprenoids, steviol

components and opiafé%®.

11



Synbio tools in yeast are lagging behind Ehecoli ones andnemajordrawback
when choosingthe first chassisis the small number of inducible promoters

availabld’®%5?

4.3. Alternative chassis

There is an obvious traddf between chassis selection autcessful expression
of synthett systemsWhen special traits are required for prodotor specific
technology development, alternative hosts with attractive peculiarities might be
advantageous over the established model cell fact@igsently, there is a list of
organisms that goes from bacteria and yeast to insect and mammaliam<ells,
well as celfree systems thain specific situationsoffer advantages to the
previously described model cell factorfe§® Two of them deserve special
attention,Bacillus subtilisand Pseudomonas putidanainly due to theirecent
contributions to the synbifield>*.

The model Granpositive B. subtilis is also an extensively studied and used
GRAS organism witha diverse molecular biology toolkit available. Apart from
rapid and inexpensive growth, the most appealing femtafethis host arg¢he
heatresistance spore formation aneceetion of proteis, explainingwhy it is
frequently chosen for recombinant protein productf8h This organism haalso
shown its potential when handling large DNA construct asséfhhlynitations

on its use are related to plasmid stability and \setyve proteolytic degradation

system¥’.

12



One exampleof nonestablished but emerging chassiPigutida It emerged
some years ago as an alternative to the previously mentwreesis. This soil
and plantroot associatedibiquitous andaprophytic Grammegative bacterias
gaired some attention due to its metabolic versatility and tolerance to many
xenobiotic compounds as well as jiHd temperatureariations®® Its potential

for applications like industrial biocatalysidioplastic productionor in situ
bioremediation resulted irapidincrease inmeports with the aim of expanding the
tools available foP. putidaengineering®™®®: As for all emerging or potential
chassis, the major shortcomings of chooskhgputida are related to thestill

limited synbiaoolkit.

Despite the potentialf alternative(established oemerging chassisE. coli and

S. cerevisiaare still the preferred choice8oth systemshave advantages and
limitations in their use and its common to combine themn in simplerojects

E. colisewnes as cloning host, while. cerevisiaés responsible for production. A
recent trend has taken advantage of yeastOs homologous recombination and
ability to handle large DNA fragments, whdsig-sizedconstructs are assembled

in yeast and transferred b coli for expression and producti®n

13



5. DNA assembly

Assembly of DNA is at the core of syio and biotechnolody®®®
Consequently, advances in DNaliting technologies have been game changing
for most biological research proje¥tsTailoring of parts into genes, genes into
pathways ad ultimately whole genomes would not be possible without the tools
of molecular biology developed over the past half centugh as restriction
enzymes, homologous recombinati®CRand more recently CRISPRas

Currently, the steadily decreasing pridespnthetic DNA isincreasinglyallowing

for outsourcing DNA editiny. However DNA synthesis does not prevent the
need for DNA assembly (even for gene synthesis companies) abib il

relies on effective methods to facilitate exchange of iddia parts and
minimizede novadesign.

The increasedability to synthetize/PCR amplify different parts stretched our
boundaries and is allowing for challenging DNA assemifé$®¢’ Hence,
considerable efforts have been devoted to the development of new DNA
assembly methods or improvement of the existing toolbox to achieve modularity,
recycling of preexisting parts and simplicity at eheaper priceand in a less
laborious fashiorf**®°. Consequently, the growing throughput of assembly
projects does not call exdively for new improved DNA assembly technologies
but also for new software packages that allow researchers to cope with increasing

complexity and scalé In vitro (Figure 2A) and in vivo (Figure B) DNA
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assemblytechnologies are heremeviewed(summarized in Table)land grouped
according to the strategy employéithe software tools that support these DNA
assembly approaches will be further described andalsarbe found in Table 1.
Genome engirexing strategiearebased on editing of existing sequences instead
of combining parts together like DNA assembly technold§idhus, gnome
based approacheswill not be reviewed in this sectignexcept when in

combination with DNA assembly strategies.

Figure 2 B Schematic representation of(A) in vitro and (B) in vivo five-
fragment DNA assembly of a fourgene pathway (colourfushapes) and

backbor (black line)and transformation into the host cell (orange shape).
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Table 1- DNA assembly tools and supporting software

Strategy

BioBricks "
BglBricks "

BioScaffold™

Golden
Gate’®"’

PSAL

GoldenBraid®
1,82

MoClo®

mMoClo%

GreenGaté®

Mechanism

Type IIP
RE

Type IIP
RE

Type |IB
RE

Type IIS
RE

Type IS
RE

Type IS
RE

Type IS
RE

Type IS
RE

Type IS
RE

Sequence
independency

No

No

No

No

No

No

No

No

No

Specific
requirements/
comments

Restriction site at
the ends;
forbidden sites
within parts
Restriction site at
the ends;
forbidden sites
within parts
Restriction site at
the ends;
forbidden sites
within parts
Restriction site at
the ends;
forbidden sites
within parts
Restriction site at
the ends;
forbidden sites
within parts;
attachmentags
Restriction site at
the ends;
forbidden sites
within parts
Restricton site at
the ends;
forbidden sites
within parts
Restriction site at
the ends;
forbidden sites
within parts
Restriction site at
the ends;
forbidden sites
within parts;
methylated sites tc
prevent restriction

Supporting
Software

Registry of
standard
biological
part$®, Raver!

Under
development

J578’79

Raveri!

16



MASTER®

SEVAZ*8L

iBrick &’

Gateway %%%°

SIRA%®

SSRTA™

OE-PCR%%

CPEC*®

LIC -PCR®®

sLicY
SLIiCE®®

Uracil

excisiorr 03

PLICing **

In Fusion 1°®

110

Type IIM
RE

RE

RE

SSR

SSR

SSR

Overlap

Overlap

Overlap

Overlap

Overlap

Overlap

Overlap

Overlap

No

No

No

No

No

Yes

Yes

No

Yes

Yes

Yes

Yes

Yes

Methylated
restriction site at
the ends; -
forbidden sites
within parts
Restriction site at
the end;
forbidden sites
within parts
Homing
endonucleases
restriction site at
the ends
I recombination
att sites
1C31
recombinatioratt
sites
"BT1
recombination -
att sites
Inefficient for
long constructs
Inefficient for
short sequences
12 bp overhang
with no
predetermined
dNTP
Inefficient for
short sequences
Inefficient for
short sequences
AN,T sequence,
incorporated
uracil
Phosphotioate
bonds, iodine -
solution

SEVA-DB
platfornt*

Under
developmenif

J578’79

J578’79
J578’79

PHUSER?%1%%
AMUSER'%®

Convert PCR
Primers Into In
Fusion ~
Primers
website*

Inefficient for
short sequences
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Gibson fficient f
Assembly* Overlap Yes Inefficient for J5%"% Raver!
113 short sequences
50
Bridging Yes phosphorylation;
oligos bridging
oligonucleotides
Half clips with
GCOGGCat
Bridging No 50end; 50 -
oligos phoghorylation;
bridging
oligonucleotides
45 bp linker
MODAL */ Mixed No regions plus 1Bp
adapter sequence
Restriction site at
the ends; R20DNA
forbidden sites Designet'®
within parts
I recombination
HVAS120 Mixed No att sites; homing )
endonucleases
restriction site
I recombination
Guyeet af®* Mixed No attsites; homing -
endonucleases
restriction site
Restriction site at
22 . the ends;
Torella et af* Mixed No torbidden sites -
within patts

LCR™ Gene20ligd™

PaperClip*®

R20DNA
Designet*®

BASIC!® Mixed No

*http://www.clontech.com/US/Products/Cloning_and_Competent_Cells/Cloning_Kits/xx
clt_onlineToolsLoad.jsp?citemld=http://bioinfo.clontech.com/infusion/convertPcrPrimers
Init.do&xxheight=750

5.1.Restriction enzymebased approaches

Restriction enzyme§RE) cut DNA at(or near)a specific recognition site and

like CRISPR, originate from bacterialdefence systems against invading
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nucleotide sequenceddore than 40 years ago, thdscbvery of restriction
digestion and ligation revolutionized the field mblecular biology’; so much
that, n 1978,a Nobel Prize was jointly awarded Wderner Arber, Dan Nathans
and Hamilton Smithfor the discovery of Orestriction enzymes and their
application to problems in molecular geneticSice then, several methokave
been developed usirRE.

There are four types (type I, II, lll and 1V) of RE classified based on cleavage
position, sequence specificity, -€actor requirements and subunit composition.
Type Il RE are a more heterogeneous group that, in general NoAitwithin or
close to restriction sites, requildg® and have only endonuclease activify.
They are also the only group used in laboratorial routine DNA cloning and
analysis.

The main requirement relies on restriction sites exclusivelkifignthe parts to

be joined that are recognized by spedRiE. Restriction sites arthusOforbidden
sitesO within the sequences to be assemBEdased methodare still popular
nowadays due to robustness and long usepite of the inherent constnaiis by

the sequence conte®forbidden sites@nd the ligation step that generally
renowned to bénefficient™®,

By todayOsriteria, modularity recycling of parts and standardization become a
crucial part in complex engineering projecthe first step towards modularity

was accomplished with the BioBrick standdrd where BioBricks refer to

19



standardized biological componenthis lego-like conceptrequires standardized
restriction sites that compose thecalled prefix (EcoRl Xba) and suffix Spe

Pst) thatflank each BioBrick Digestion and ligation allows fassembly of two
parts per reactionContinuous addion of BioBricks is possible and everal
enzymes might be used to remove sites, produce aiiinig ends or adapt to
different cloning strategiedHowever,the biggest shortcomings of this approach
are the presence of scars that might affect gene expression and its limitation in
terms of multipart assembBf/ Improvements to the method towards a more
flexible setupinclude the secalled BglBricks™ that introduced asix bp scar
(using Bglll and BanrHI) encoding a glycineerine innocaus peptide linker for
most protein fusions. Shortly afterwards the BioScaffobwercame the issue of
scars or insertion of additional inserts previously incompatible with the BioBrick
standard assembly resorting Rosl, a type 1IB RE that cleaves both sides of
target DNA sequence in both strands.

Overall, the peviously mentioned strategies still require the removal of excessive
restriction sites from the parts to be jethprior to assembly. Homing
endonuclease®ffer an alternative solution to this problem sincesth®E
recognize long sequences (120 bp) wth extremely rare restriction sit€$'%
These sequences are also +pafindromic allowing for directional clonifig.
Recently, the iBrick standard was developed using two homimnucleases

that recognize >18 bp DNA sequentesNotwithstanding the advantage of
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enablingassembly of large sized parts, a 21 bp scar is created between each part,
which might affect gene expression.

Nowadays, modularity and simplicity are key elements to successmplex
assembly projects. The Standard European Vector Architecture (SEVA)
platforn?®* offers a new level of partstandardization with regards to expansion
of the available toolbox from enteric bacteria to other hostsRikeutide?® or
Mycobacterid®. It consists of three interchangeahteodules (1) antibiotic
resistance markers, (2) origins of replication and (3) the cavbich generally
contains the genetic elements necessary for thepplication of the cell factory
(very often a promoter driving expression of a gefiajked bytherareRE sites
Pad, Spd, Swd, PshAl, Fsd, Asd (rare because thagcognize a sequence not
frequently found in natural DNA sequenceBhis systenturrentlyallows for54
combinations ofnine origins of replications withsix antibiotic resistance
markers®. Re@ntly, the gadgeta fourth moduleencoding for thenok/soksystem

that ensures killing of cells that lghe plasmid,was included, withthe
additionalintroduction of aSarDI rare sité”. Apart from supporting modularity
and promadng standardizationthe SEVA platform has some limitatiomslated

to the constraits of restriction enzymbased assembly. To overcome this
limitation, the SEVA linketbackbone exchange standard (Papenlthisthesiy,

was developed to be compatible with rare cutters Isotrdcking enzymes.

21



5.1.1.Nicking endonucleases

Acting usually as homodimersgstriction enzymes perform sigpecific double
stranded breaksia hydrolysis of both phosphodiester bonds of doslanded
DNA (dsDNA)'?. So-called nicking enzymes(NE), like other RE, recognize
short specific DNA sequences and cleave DNA atefined position; however,
unlike normal REs, NEs cleave only one predetermined DNA straimd the
dsDNA™ Suggestions that NE are naturally mutated restriction enzymes that do
not possess dimerization ability might explain their offgit°

The discovery of NE happenealmost a decade atfd'** Nevertheless, the
limiting number ofavailable NE was an impelling cause that led to protein
engineering efforts to create new NE3? Since the, this group of enzymelsas
been extensively used either in ligatimlependent cloning methods or for the
generation of compatible overhangs that d¢an coupled with another DNA
assembly technology™¢. The biggest advantagef these NEbased methods
when compared to normal Riased approaches lie their compatibility with
other cloning strateégs to create compatible overhanged the fact that nicked

DNA can endure after ligation or transformation

5.1.2.Type IIS restriction enzymes
The use of RE experienced a renaissance with the tygeaH&d methodologies.
Type IISRE are a class of endanleases that cleaseutside of its recognition

site generating/ariable overhang sequens®. The biggest advantage of using
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type IIS RE comes from their ability to assemble multiple DNA fragments in a
defined linear order, since the same enzyme can generate different overhangs
Moreover, the freedom to obse the overhang sequence oftlispossilility for
scarless DNA assemblyfseamless assembly is accomplishedflaypking the

DNA parts withrecognition sitesn inverse orientation, which are then removed
during the cleavage process

Previously, although not used routinétycloning, type 11S REhave been used

for assembling a 32 kb clust& or cloning repetitive sequenc&s'*® Golden

Gate clonind®’" has gined popularity because it exploits the advantages of type
IS RE-based DNA assembly, particularly withsd (Figure 3).Golden Gate
parts, generated by eith®NA synthesis or PCR, are sgloned into entry
vectors, which carry the DNA segment to be tfamsd, before digested and
ligated into destination vectors, into which the DNA will be-sitned®”. What
makes this strategy so simple is that several plasmids can be directly mixed into
one single tube, together with one single RE that will create different overhangs
and a DNA ligase that will join all parts. This mixture can lredly transformed

into a cloning host without additional stepad screening of desired clones is
accomplished by using the antibiotic to which correct transformants will be

resistant to
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Figure 3 BOverview of Golden Gate cloningPCRamplified partg(insert and
vector) with Bsd-recognition sites (grey arrows) flanking each part in reverse
orientation are mixed together wiBsd and DNA ligaseBsd cleavage allows

the formation of different overhangs (orange and green) that are four bp in length
and complementary with the corresponding end in the other part (in this case,
complementary overhangs are represented in the same colour). After restriction
digestion, the DNA ligase, present in the mixture, ensures complementary
overhangs are stitch togethefhis strategy is repeated for several cycles of
restrictionligation in a onetube reaction. Final vectors are not subjected to

further restriction digestion since they do not posseBsaarestriction site. For
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re-use of parts, inserts are usually @drinto an entry vector first and then mixed

with a destination vector that possesses a different antibiotic resistance marker.

Golden Gate cloningvas describedeight years ago andsince then, several
improvementshave been mad® the technology. Theirét appeared witlthe
Modular Cloning SystemMoClo)®® where a 33 k construct containing 11
eukaryotic transcriptional units(DNA sequence that encode a single RNA
molecule together with sequences required for its transcriptiomsually
promoter, open reading frame and terminatcay assembtefrom 44 modules in
only three successive cloning steftswas further extended to a 50 kb construct
corresponding to 68 DNA fragments and 17 eukaryotic transcriptionaf*tinits
Mammalian Modular Cloning (mMoCI8) has also been descrihedhere six
transcriptional units corresponding to 27 kb and 42 parts were chromosomally
integratedThe shortcomings of these optimizations are thgelammumber of entry
and destination vectordhe GoldenBraid standdfdand its optimized version
GoldenBraid 2.%, other improvements to the Golden Gate clonioggrcome

this issue with the reduction of the number of required vectors; however,
additional rounds of asswly are required for larger construcBther reports on
Golden Gate cloningdevelopmentshave been reported both for yeast and
plants**4,

The Pairwise Selection Assembly (P$As a relatedstrategy using type 1IS RE

that was published shorthfter Golden Gate cloning. The premisessingilar to
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Golden Gate cloning; however, PSA requires the use of two divergently oriented
nortfunctional antibiotic resistanamarkers and the attachment of corresponding
recydable activationtags flanking the fragmerifs Activation flags contain type

IIS recognition sequences that allow for cloning in the next round of DNA
assembly, besides allowingrf@creeningof positive transformants due to the
encodedantibiotic resistance marker§he use of sequenapecific blocking
oligonucleotides that prevent DNA methylation at desired restriction k#dss
solved the Oforbidden siteO issied1 kb completly synthetic right arm oS.
cerevisiaechromosome IX was constructed using this metha@rogrammed
DNA methylation for preventing diestion by certain RE has been described also
in the Methylatim-assisted Tailorable Ends Ratioral (MASTERY® ligation
method and in the Green Gate systefihe latter still usesBsd and methylated
oligonucleotidesvhile MASTER usesMspll that shares properties from type [IM
and type IS RE, recognizing oniyiethylation specific sites and cutting outside
of its asymmetriaecognition sequenceespectively

Besides allowing for combinatorial studies, creation of libraries and assembly of
largeconstructs, lte most important benefif choosing Golden Gate climy and
successorsegardsassembly of repetitive sequences as exemplified by cloning of
TranscriptionActivator Like Effectors (TALEs}**“% A major problem that has

not been solved is the fact thatpé 1S restriction sites occur frequently in
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mammalian promoters and getfésFurthermore, the ligase dependency is also a

limitation.

5.2. Site-specific recombinationbased appraches

Various nucleotide recombination mechanisms aaéureOs way to embrace
diversity and evolve.Enzymes involved in recombination have also been
exploited for decades to artificially and rationally recombine DNA molecules,
both in vivo andin vitro. The typical process of recombination involves one or
more proteis that recognize andcatalyse the shuffling of homologous
sequencéd®™® The homologous sequence stretches are typically in the cinge
30-100 nucleotides and this can represent a methodological limit@igriong
oligonucleotidesare more expensivemight favour secondary structures and
create difficulties during PCE). On the other hand, recombinatibased
methods have high fidelity and efficiency and have proven superior for formation
of very large construssuchasfor whole genome constructight**

Site-specific recombination mediated Iphageintegrass is conservative and
highly specificsince they recognize vaons of attachmenaft) sequence motifs

attP (P originally for phaged donor DNA) and attB (B for bacteriab receptor)
DNA sequences found in the phage and host genomes, respétiivehe
phagecoded integrase and the bacterial integration host factor (IHF) bind tightly
to the attP site. The complex then couples wiltB in the host genome. The

strand exchange happens after DNA nicks are producduk ands of the core
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sequence of bothttP and attB sites forming the twdnybrid att sites,attL (left)
andattR (right). Gateway cloningd®®takes advantage af! integrase to mediate

site-specificrecombination(Figure 4)

Figure 4 DOverview of the Gateway cloning system.The gene of interest (goi

- blue)is cloned into the entry vectlanked byattL sequences. The goi can then
be transferred to the destiitm vector, the applicatieapecific vector into which
the DNA will be subkcloned. This destination vector carriexc@B gene (red)
flanked byattR sequences. Both vectors are mixigdyitro, with recombination
proteins. Recombination dttL1 (light orange) withattRl (yellow) andattL2
(light green) withattR2 (light blue) createattBl (brown) withattP1 (pink) and
attB2 (grey) withattP2 (purple) sites, respectively. The product of this reaction is
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the final vector (or expression clone), which cartiee DNA of interest flanked
by attP sites, and the donor vector (crossed with a red line), which contains the
toxic ccdB gene flanked byattB sites. Selection of final vector after
transformation is done by using the desired antibiotic (in this example,
chloramphenicolb cmR in orange) and guaranteeing that cells containing the

ccdB-encoding plasmid do not survive.

The method requires an entry cloradtl(1-goi-attL2), that contains the gene of
interest intended for cloning, and a destination vecthtR{-ccdBattR2, in
which the DNA will be sukzloned® TheccdBgene, encoded in the destination

h**1%% and together with different aniiic

vector, inhbits E. coli growt
resistance markers, allows for a more efficient screéhiribhis assembly
strategy relies on severahutated att sites that exhibit high specificity and
virtually no cross talk. This mearadtL1 recombines only withattR1 and not
attR2 and so on. The creation of multiple variants of #id/attR pair has
allowed for multisite gateway cloning to stich tg four DNA fragments in a
single reactiotr®**¢

Gateway cloning is reliable, efficient and widely used in both prokaryotes and

eukaryote®1°"1%8

and a plethora of destination vectors have been constructed by
the Gateway research community’'®® Being a commercial available tool
means that there is a workiEfgrBprofit centre esponsible for maintenance,

benchmarking of protocols and dissemination of vectors, which greatly enables

standardization.
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The recently publishe®erine Integrase Recombinational Assembly (SHRA)
relies on! C31 integrasdo assemble prdesigned pathways from DNA parts
while Site-Specific RecombinatiorbasedTandemAssembly (SSRTAY uses an
alternative integrasel, BT1. As Gateway cloning, these methods depend on
recombination aatt sites that can be reversible by addition of an excisionase (a
phage protein that allows for @gion of DNA sequences) or by a combination of
integrase and recombination directionality factor (accessory protein that reverses
the reaction together with the integrd8e)The later was shown to be extremely
usefulfor re-cycling of parts in SIRA.

Both Gaeway cloning and SSRTA have a major disadvantagen compared

to SIRA or other non sitgpecific recombination methods, whichtliee need for

an entry clonethat adds an extra cloning step and, hence, more complexity
Moreover recombinasdased cloningeaves long palindromic scar seques

that migh interfere with DNA integrity orgene expressiorHowever, the high
efficiency and accuracy of sispecific recombinatiotnasednethods makéhem

a popular choicéor both plasmid construction and genomegjiaeering A good
exampleof site-specific recombinatiofvased genome integratiés the recently
described clonetegratibi. Clonetegration vectors were constructed with
integraseencoding gene amattP sequence in the same plasmid, which simplified
the whole proces® The belief in the full potential of combining this technology

with a simple DNA assembly strategy was the reasoning behind Paper I, in this
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thesis.Direct genome integration of a discagment whole biosynthetic pathway
in onetube uracil excision reaction wakescribedby combining uracil excision
(see next section) with clonetegratiohhis powerful ombination made the
process more efficient and simepsince it prevents the use of restrictlgation

or additional less efficient and straightforward methods

5.3.Long overlap-based assembly

Some of the most popular alternatives to the hitherto described methodologies fall
into the category ofong oveldap-based assembly. This group includes allithe

vivo or in vitro DNA assembly strategies that enable the stitching of DNA parts
with homologous sequencest their ends allowing for formation of longer
compatible singlestrandedoverhangs when compardd the short overhangs
generated byestriction methodd®® Homologous recombination has important
advantages over sispecific recombination since no specific sequences are
required. There is ab thepossibility of specificorder assembly in a oot
reaction. These arguments are also the biggest disadvantages of these methods
since they prevertombinatorial studiesnodularityandre-usage of parts for an
alternative assembly strategy, unléss overlap sequence is genéral

9293 \vas described

The OverlapExtensionPolymerase Céin Reaction (OEPCR
more than 25 years agand is one of the first examples of overlaepend
cloning PCRgenerated fragments flanked by homologous sequences are mixed

togetherin a second round of PCR, where they anneal earableextension by
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DNA polymerag®*®**®® The amplicon can then be inserted into a plasmid using
anothe cloning strategy??*'®* The Circular Polymerase Extension Cluni
(CPEC§**is an improvemento OE-PCR. The homologgharing parts anneal
and circularize generating nicked sequences that are then fixedcioli after
transformation.The simplicity of the methods limittheir potential for more
complex DNA assmbly projects, mainly due to all tlehatcomingsthat come

with PCRbased methodsuch aseingerror prong(especially when exponential
amplification of misannealed sequences occdifficulty to amplify largeDNA
partsandneed for casky-case optindation

Several other methods rely on PCR for part amplification but with the additional
use of alternative enzymes to create overlapping sstgggded overhangs that
catalyse efficient and accurate assembly. One example is thealkm uracil
excisioncloning (or uracilspecific excision reageRtUSER- cloning*0%134164
(Figure 5).1t is based on the use of uracibntaining oligonucleotides where the
uracil (U) replaes selected thymines (T) in a Aonutagenic and PCGRolerated
alternative base pairing with an adenine nucleotide on the complementary strand.
This PCRtolerance is accomplished with non pragefding enzymes like Taq
DNA polymerase or special, engineerprbof-reading DNA polymerases that
read through uracils such as Pfui¥7r PhusiorU DNA polymerase (Thermo
Scientific). Following ER, uracils can be selectively removed by treatment with

a uracil DNA glycosidase (UDG) that removes the uracil base and leaves a
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chemically unstable phosphoribose backbfaigasic site)The lyase activity of
Endonuclease VIII breaks the phosphodiestekbane at the 3« and 5« sides of
the abasic site guaranteeing that the Heme deoxyribose is released, and
creatinga nickin each of the homology regions. Dissociation of the upstream
sequence allows the formation of a cohesive DNA end, tedvhangand the

consequent annealing of complementary sequéfices

Figure 5 B Overview of uracil excision cloning. The assembly of PCR
fragments(insert and vector)s mediated by 3%N,A-overhangs(orange and

green) where X typically denotes-¥2 nucleotidesThe uradi in the 5«ANU
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sequencads incorporated in the PCR oligonucleotideed to amplify the parts.
Uracil is selectively removed bthe combined action afracil DNA glycosylase
(UDG) and he lyase activity of Endonuclease V(WSERDrepresented by a red
magnet), creating anick. A 3«TNyA-overhang is generated when the
complementarynicked sequence is dissociated, which allows for annealing of

partsat proper temperature

Papers | and Jlincluded in this thesisdescribe the optimization of this
technoloy with increased efficiency and accurdoy both plasmid and genome
based assembligs E. coliin a onepot uracil excision reactiompart from E.
coli, this technology has been also developedd@m positives liké.actococcus

1°71%8and mammalian systemi$ Despite its PCRIependeng, the

lactis'®®, yeas
most frequently pointed shortcoming of thisategy is the higleost of uracik
containing oligonucleotidesn argumenthat is gradually loosing its strengah
the costof these oligonucleotideis currenty decreasig. Additionally, it has
recently lecomepossible to order uraedontaining synthetic genes that alldar
PCRindependent assembljand overcomethe PCR disadvantagegAnja
Martinez, Thermo Fisher Scientific, personal communicatidhg drawback of
this methodis the reagirement of at least one thynd (T) in the assembly
junctions to be replaced by a urai)). This might be an issuspecially for

seamless cloning in high GC contgratrtsbut degeneracy of the genetic code is

usually a simple solution
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Alternatively, a whole different branch of overlapsed assembly strategies sim

at establishing enzyriieee DNA assembly procedures. One of the most recent
examples is the phosphorothiodtesed ligaséndependent gene cloning
(PLICing)"” that relies on the chemical cleavage reaction ofspharothioate

bonds in an iodine/ethanol alkaline solutidthomologysharingparts are PCR
amplified with digonucleotides containing phosphorothioated nucleotides, in
which phosphodiester bonds are replaced for phosphothioester bonds at the 50
end, and then cleaved in an iodine/ethanol alkaline solution to produce the
cohesive end®"'” Preventing the need for enzymes might be an advantage but
the cost of phosphorothiated oligonucleotides is still hayd from our

experience appesato be highly error prone

OChewback and annealOethodsthat rely on repair enzymes with exonuclease
activity, such as T4 DNA polymerase, T5 exonuclease, exonuclease Il or lambda
exonucleasepffer another alternative to the preusly described technologies
Theseapproaches are baskdsingle stranded degradation ah exposed end of a

part creatng an overhang thatannealswith a complementansequence from
another DNA part

One of the first reportef a DNA assembly strateggxploiting the exonuclease
activity was the ligatiorindependent cloning of PCR products (HRCRY®. The

procedurerelies on the 3@0exonuclease activity of T4 DNA polymeraisethe
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presence ofa predeterminedNTP (e.g.dCTP for vector andGTP for insert}to
generate singlstranded overhangomplementary between the parts to be
joined. Different 12-nucleotidesequences without guanines (G) and veitG in
the 13" position are incorporated in the oligonucleotides used to-R@Hlify
and linearize the vector while complementary sequences with C in tfe 13
position are used for PG&mplification of the insertDefined sequence length is
accomplishedby the presence of the specific dNTP that contedsnuclease
activity of T4 DNA polymerae. Moreover, he 12 nucleotideoverlapping
sequencesharedbetween thearts eliminates the need for a ligation &tép:
Much like uracil excision clomig, this method relies on one nucleotigich
can be viewed as a drawbackhe ®quence and ligatieimdependent cloning
(SLIC)” is, to some extent, a variation of LI@vhich removes sequence
constraintsby generating longesinglestrand overhangs(>20 bp) Overhang
annealing might be accomplished with or without Rexlying on the bacterial
recombination/repair systems to complete the assembly after transformation.
The most popular methods belonging to this group of DNA assestitaiegies

y"13 and the commercial Hrusion cloning*®

are Gibsonisothermalassembl
110 gystem from Clontech The first relies on the joint activity dhreeenzymes:
T5 exonuclease to create a >20 bp overhang that allows for annealing of

complementary sequences, Phusion DNA polymerase for gap filling, and Taq

DNA ligase to sal the nicks. The second, despite being praange probably
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relies on 380 exonuclease activity of poxvirus DNA polymeraseraqdires a

15 bp homology with a slight increase in efficiency with longer sequ&fices

Some of the most impressive DNA assembly constructs were accomplished using
Gibson Isothermal AssemBfy*’? showing that Ocheback and annealO
strategies are suited for assembly of large constructs. Roughly, the overhang
length can be estimated based on the duraiuth temperature contraf the

DNA treatment with DNA exonucleas&sHowever, the uncontrolled chevack

of DNA exonucleases leads to the formation of ssDNA overlaps with variable
length, which isprobably one ofthe biggest shortcoming oéxonuclease
dependenstraegies’*"?

In vivo recombinatiorbased methods have alseeln described anthve a cost
benefit of preventing the need for commercial enzymsilarly toenzymefree
cloning approaches like the already described PLICiHge Seamless Ligation
Cloning Extract (SLICE¥ is one examp@ that replaces the repair enzyme
cocktail for the cellular DNA repair systems by utilizing bacterial cell extracts to
assemble multiple fragmentsThe Single-selectivemarker Recombination
Assembly System (SRAS) is another example that explores the endoge
homologous recombination systems Bf coli to assemble partin vivo'™

However, the most successful examples take advantage w¥o and native

homologous recombination &.cerevisiaeandB. subtilisthat are able to takep
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linear DNA fragments with shared ewderlap and assemblthem relying
exclusively on celllar repair systent§**175178

From a general perspective, this heterogeneous group AfdalNing tools might
havesome limitations inherent to the manner ssDNA overhangs are formed. Even
so, the simplicity andreedom ofoverhangdesign as well as their potential to be
coupled with other strategies, make them extremely attractive and, hence,

popularchoice amonstresearchers.

5.4.Bridging oligonucleotide-based methods

In the early 90s, a new amplification method terrhéghseChain Reaction was

first reported’’. The method relies on the annealing of four oligonucleotides
complementary to apecific template and their ligatighrough tle action ofa
thermostable ligase. Recently, a new concepseabased on the premise of the
previous method in which DNA assembly and synthesis of short sequences can
be accomplished simultaneou€fy Shortly after, a very promising approach
termed Ligase Cycling Reaction (LC®)was described for DNA assemblies of

up to 20 partgFigure §. It consists of a series of denaturatimmnealingligation

cycles that allow for DNA assembly via bridging oligonucleotides
complementary to both ends of DNA parts that are joined hgrantostable DNA

ligase.
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Figure 6 b Overview of Ligase Cycling Reaction (LCR).Singlestranded
bridging oligonucleotides, complementary to the ends of the parts to be joined,
serve as a template to bring the upper strands of denatuggtb&ihorylated

parts together. Then,thermostable ligase stitches the parts that serve as template
for ligation of the lower strand, in the second and following cycles.
Denaturatiohannealing ligation cycles allow for assembly of the two parts into
the final vector. With this protocol, it ipossible to assemble many parts into

complex DNA constructs.

A consistent drawback of these methods lies on the facdthabvodesign of
bridging oligonucleotides might be required when changing parts. The@igper

strategy'® overcame this issue since it relies on dowttanded bridging
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oligonucleotidesclips, that allow for multipart assembly. Each clip is design

by joining two half clips that are nothing but two annealed oligonucleotides with

a GCC overhang that allows them to be ligated. Modularity is accomplished
based on the order in which the clips wereated and threebp scar is created.
Additionally, half clips are reisable as long as the corresponding part is needed.
Despite teir potential, these methods require thepb@sphorylationof parts.

Either purchasing phosphorylated oligonucleotideplowsphorylating irhouse
oligonucleotides or parts makes the process more expensive and adds some

complexty to the whole assembly project

5.5.Mixed approaches

Struggling to find the bestuited assembly strategy is common among
researchers since alf the previously described methoHave theirlimitations.

The increasing complexity irmssembly DNA projects gives rise to DNA
assemblies that are more laborious and error prone. Hence, a recent trend is to
combine two or more cloning approaches in tandemovercome these
limitations.

Several studies are resorting to linker regions that remain immutable with
different assembly projectRecently, Torellaet al'?? described a linkebased
strategy that combines a first cloning round with restriction endonucleases and a

second round with Gibson isothermal assemi#iiternatively, he Modular
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OverlapDirected Assembly with Linkers MODAL)"" was developed with
standardized linker sequences to enable modular construction ffefeni
plasmids in a onpot reaction that can call upon differdahg overlapdirected

DNA assembly strategies like Gibsoisothermal assembly, CPEC orS.
cerevisiae in vivo DNA assembly. The Biopart Assembly Standard for
Idempotent Cloning (BASIC¥®is an upgrade of the MODAL strategy associated
with type IIS restriction enzymbased mechanisms that allows the orthmado
linkers to be added to DNA parts without resorting to PCR. This improvement
also enablesthe user to choose between multipart assembly and hierarchical
assemblyia methylation of the linkers.

Taking advantage of linkdrased assembliesn extensionto yeast Golden
Gaté** was made with the Versatile Genetic Assembly System (VEGA
where linker regions are added by yeast Golden Gate to allow for homologous
recombination of several modulesyieast.

Another example of mixed approacheshe tHHomerun Vector Assembly System
(HVAS) that combines the multisite Gatewaycloning system with homing
nuclease’. Despite overcoming the issue of Oforbidden sitesO imposed by the
use of most restriction enzymehjs metha creates long scars that may pose a
problem n gene expression. Additionally, the number of commercially available

homing endonucleases is currently limiting the methodologfotw modules
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Finally, HVAS still possesses the limitations of Gateway™ cloning with regards
to the added complexity by tmeed for a sweloning step to an entry vector.

A similar approach was developed by Gegaf?* where he combination of the
multisite Gateway systemand homing endonucleasesth Gibsonisothermal
assembly allowed for modular construction of up to 11 transcriptional units in
mammalian cellsThe biggest advantage when compgrio HVAS is the fact

that it enables further rounds of assembly.

Following the linkerbased assembly trendaper Il included in this thesis
describes the SEVA linker backbone exchange standgar@EVA-compatible
strategy that enables backbone swappivith 20 combinations of classical
enzymatic restriction/ligation, Gibsomsothermal assembly, uracil excision
cloning and nicking enzymbased methodology. This simplistic etdbe
protocol for backbone swapping directly from plasmid stock solutisasdled
SEVA cloning is also freely available to the symbtommunity, promoting
standardization.

Despite possible expression effects the addition of linker sequences might have in
synthetic circuits, thesmodularstrategies will most kely contribute to anore
consistent part sharing and increasing complexity of combinatorial studies. The
freedom to choose a famgte assembly technology while still having Obapi®
technologies turns them into attractive options. Alsdhatvthese mixed

approaches have tommon is translated into@escenscientificawareness that
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different strategies work best at different stages of complex DNA assembly

projects.

6. Software tools for DNA assembly

The constant appearanctfaster and more efficient DNA assembly strésgds

being mirrored by the rapid development of new software packages (or assembly
algorithms) that assist with the whole planning process. Nevertheless, our lack of
knowledge on important biological mechanisms and parameters is the major
challenge to dtdeve complete automated aimdsilico-based approaches for DNA
assemblyexperimentatiesignand optimizatioff°.

Software tools available for synbitesign have beereviewedelsewher&® '8

The synbio toolkit employs software resources for genome engineering, part
visualization and circuit design, among others,ibuhis thesisthe focuswill be
exclusively on the recent developmentsy DNA assembly planning and
optimization as well as oligonucleotide deasigrable 1 lists severaDNA
assembly strategies and the software tools available for each of them.

Several computational toolsare currently available for oligonucleotide design.
One examplds the PHUSER (Primer Help for USER)'® and its improved
version AMUSER (Automated DNA modifications with USER clonin®)
platformsthat become veryseful whendesigning oligonucleotides specifically

for uracil excision cloning™%**341%4 Another examplds the GeneDesign 3§
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that enablesoligonucleotide desigrand sequence manipulaticend is also
compatible with uracil excision cloning

Oligonucleotide design can be timmensuming, laborious and ertprone,
especially when deimlg with large combinatorial projects Softwareassisted
experimental planningo minimize cloning roundsand human errorsrecycle
parts and reduce costeablesoptimization of the whole proced3NA assembly
strategies that employ fixed sequences on assenddyons facilitate the
automatedprotocol design since there is no requirement for junction design or
optimization. The process becomes more complex when assisting in sequence
independent DNA assembly proceddfes

Algorithms were previously reported for automated DNA assembly with
BioBrick and BglBrick technologie¢® to minimize assembly steps and improve
the recycling ofparts. However,he webbased computesiided design (CAD)
softwareJ5®"° for DNA asembly design automatiomasa pioneer in assessing
the costefficiency of DNA assembly by having DNA synthesiad inhouse
available partsas parametes to consider Additionally, this tool is compatible
with scarless multipart DNA assembly strategieshsassthe previously described
Gibson isothermal assembly**? CPEC*®> SLIC®” and Golden Gate
cloning®"”.

Since linkerbased DNA asambly technologies are in fashion, more recently,

R20 DNA designet'"*'® was developed to help with the design of linker
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sequencescompatible with MODALY.

A major breakthrough in assembly
algorithms emerged with Raven (http://www.ravencad.org), the saftteat that
allows for optimized mulpart DNA assembly planning and troubleshootiimg
six cloning strategiés It is the first interactive DNA assembly tool that
recalculates alternativassemb} plans if the first option faild. Finally, the
Clotho v2.8%is a database for managing all the information related to parts.
Besides the obvious advantagkehelpingto eliminate human erroiparticularly

in hightthroughput projects computational methodgan better deal with the
inherent stochasticityand complexity of biological system&ome of these
computational methods have already been used to coabolic liquid handlers
which have the capacityto carry out relatigly accurate pipetting and
transportation of labware as well atomate multiple complex modular
assemblie$®®, Software tool development will enable combinatorial DNA
assembly widies with unprecedented scalkdditionally, the growing synbio

software toolkit also extends to compusssisted DNA synthesis and

sequencing.

7. DNA synthesis and sequencing

DNA sequencing and synthesis are out of the scope ofnbsssand have ben
extensively reviewedlsewher®##8 However, since DNAwriting, editing

and readingare inherently complementary technologies and, herdiegctly

45



intertwined, this sectionwill briefly sum up the current state of play on DNA
synthesis and sequencing to amtand how developments in bdiklds can
affect DNA assembland synbio

A plethora of applications like wholgenome sequencing, metagenomécsl
transcriptomics, is now available thanksNextGenerationSequencing (NGS)
that has revolutionized ourbiity to read DNA at exponentidly decreasing
prices®. Currently Pacific Biosciences instruments is producing the longest
reads, up to 14 kb, though with high error r&f8S% Highest accuracy is
accomplished with the short reads producethieyllumina/Solexa technolody.

In spite of new sequencing technologies being in rapiéldpment®®, our ability

to write DNA is still on a less mature le$&ISeveral companies are synthetizing
DNA at reasonable prices and most of them are usingPtihgmeraseChain
Assembly(PCA) strategy to do §8'°*'** PCA employs a thermostable DNA
polymerase to assemble marligonucleotidegwith overlapping regions of 15

25 nucleotides)into longer dDNA fragment$®. Larger size synthetic DNA
fragments however, are stitched from these smalkmts using one of the
previously describe®NA assembly strategies. Nowadays, DNA pieces from 200
bp to 3000 bp are being synthetizébm five to 50 oligonucleotid$®. Until
now, synthesis oMycoplasma genitaliungenome (58270 bp) was the largest

accomplished DNA synthesis,
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Genért” , Genscript Biotech Corporation, DNA 2.0 and Blue Heron
Biotechnologies Inc dominate the gene synsie market right now, with
oligonucleotide synthesis technologies like Integrated DNA technologies (IDT)
also providing the servic®®. An important upgrade was accomplished by
Genért” , which besides the Gibson isothermal assertonpatible synthetic
genesjs alsosynthetizing modified parts compatible withacil excision cloning

by incorporationof uracils (Anja Martinez, Thermo Fisher Scientific, personal
communication)

The major bottleneck in the gene synthesis process is ththesys of
oligonucleotides since it is an erreprone proces& The recently published
Sniper cloning™ overcomes this issue by couplisgnthesis andligh throughput
sequencingwhichenablesscreening of the correct DNA sequesice

Synbio prgects have benefited greatly from the rapid decline of DNA synthesis
cost®. Paticularly for REdependent strategies, DNA synthesis offers the
advantage of removing possible forbidden site@wercoming the biggest
shortcoming of these methodologieAs a whole, dvelopments on DNA
synthesisand sequencingoresent the opportunity tmanipulate and anadg a
larger set ofparts which in turn refled on the throughput level oDNA

assembly projects.
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8. Applications

Applications that come with the fast development ofsgtibiotechnologiesare
important for pathway optimization for etabolic engineering, design and
characterization of gene circuits, synthesis of whole genomes and natural product
discovery. In line with this idea, Paper,lihcluded in this thesisshows how
software approachescan be powerful tosl for natural product and enzyme
discovery, particularly for a group of enzymeih biotechnological interesthe
cytochromes P450 (CYPs). CYPs are a superfamily of enzymes found in many
different taxonomic groups. Natural product synthesis in microorganisms, plants
and fung, includes several unique chemical reactions, some of which are
catalyzd by these CYP¥. Despite their ubiquity and diversity in plants, the
study and engineering of eukaryotic CYPs is facing several challenges. In higher
organisms, CYPs are membrane associated, representing a majoreobstacl
expressing and purifying this class of enzyhtesBacterial CYPs, although
present in lower number as compared to numbers in eukaryotes, are soluble, more
stable and exhibit higher activif§?®> Thus, they are easier to engineer,
overexpress, purify and crystalliZ& Paper IV, in this thesis, unravels putative
CYP-encoding genes from the unexplored marine bacterial genomes and
demastrates that all the tested CYPs are successfully expresgedali andS.

cerevisiae
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The expanding synbio toolkit has allowed for certain applications such as
microbial production of biofuels, biomaterials and pharmaceuticals, among
otheré® However, for specific applications like plant engineering, this toolkit is
still limited™®. A specificexamplethat supports the relevance of CYPs as well as
the usefulness of the synbio toolkit the successful synthesis and commercial
production of semsynthetic artemisinfi?®?** While the whole biosynthetic
pathway remains unknown, the production of the intermediate artemisinic acid
followed by chemical conversion to artemisinin  enabled its
commercializatioff*2°>2%

Redesigning of biological systemis an important goalof synbic®™. The
synthetic yeast genome project angyedfically, the total synthesis of a
functional designer chromosome (272,871 bp¥oferevisiaés probably one of

the biggest accomplishments this field®”?°” The fact that uracil excision
cloning was used to assemble the starting smaller DNA fragments demonstrates
how this technology and its improvemetftlescribed in Paper | and Il in this
thesis)can be helpful to the synbio commufift§®

These examples prove the value of synbio tools, in this case for production of
pharmaceutical agengdre-designing new biological systems, altigbuseveral

others exist.
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Concluding remarks and future perspectives

Synbio is a direct bridge between biology and engineadyits succeselies

on its multidisciplinarynature

The unpredictability and complexity of biolagil systems is undoubtedly the
biggest challenge that dgio has been struggling with.nBineering ofeven
simplebiological systemis still a frequently laboriouprocess withseveralrial-
anderor steps. Despite the efforts of the whole synbio comntyni
standardizationis also a major challengehat remairs to be solvedThis thesis
focused on the development and improvement of strategies that could potentially
contribute tostandardizationPaper | describes our effortsaptimizing the uracil
excision d¢oning approach showing thatincreased efficiency (2000%) and
accuracy especially for longer-terhangs can be obtainetihe versatility of

this method allows for combination with genome engineering strategies like
clonetegration. With the right set @lasmids, direct genome integration of a
whole biosynthetic pathwayas accomplished at high accuracy in a qro
uracil excision cloning reaction. Paper Il adds to this story a detalenf tips on

how to plan andtroubleshooturacil excisionbased pojects. It also provides
protocols for sitedirected mutagenesis, multigene assembly;stap cloning and
genome integration with uracil excision, and for standardized lid&pendent
uracil excisioabased DNA editing pipelined-uture work on uracil esion

cloning would benefit from compatible software tools like J5, to aid with the
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planning process, troubleshooting and recalculating the assembly strategy in case
of failure.

We took the trendy linker strategy to aankevel with SEVA linkers for SEVA
cloning describedn Paper IIl.This strategy allows for direct plasmid backbone
exchangeand is compatible with several popular choices like uracil excision
cloning, Gibson isothermal assembly, restrictigiation and nicking enzyme
based methodologyThe flexibility of the strategy and compatibility with the
popular SEVA resource mak&EVA cloning an excellent choice for automated
multiple complex modular assemblies. Besides associating it with robaotics, future
work should focus on expanding the entndadonor vector libraries, and adapt
the strategy for onrpot multigene assembly.

Finally, Paper IVshows how software tools can make a difference in scientific
discoveryprojects. In this manuscript wexploit the potential of marine bacteria

for discovey of new cytochromes P450CYPs) This group of enzymes is
responsible for challenging chemistryaking it of great biotechnological
interest.Genome mining of 19 marine bacteria reved&@égutative CYPsIn this
paper it was demonstrate thatfive of these enzymes can be produced in the two
favourite model cell factoriesg. coli and S. cerevisiae ldentifying specific
functions to confirm thein silico predictions as well as optimizing CYP
expression in yeast should be considered as future work. idwmaly,

engineering these enzymas usea broader range of substrates cofadilitate
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production of relevant compounds.

Overall, the work described in this thesis reflects the steps taken towards the goal
of making DNA assembly less lalhous, more eftient and compatible with
other synbio tools. Although there astill many challenges to overcome, |
believe that my contribution to the synbio toolkit will benefit several research

projects.
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Simple and reliable DNA editing by uracil excision (a.k.a. USER
cloning) has been described by several research groups, but the optimal design of
cohesive DNA ends for multigene assembly remains elusive. Here, we use two
model constructs based on expressigipaind a four-gene pathway that
producesd -carotene to optimize assembly junctions and the uracil excision
protocol. By combining uracil excision cloning with a genomic integration
technology, we demonstrate that up to six DNA fragments can be assembled in a
one-tube reaction for direct genome integration with high accuracy, greatly
facilitating the advanced engineering of robust cell factories.

molecular cloning, DNA assembly, uracil excision cloning, genome engineering
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synthetic DNAﬁ, outsourcing DNA editing has become \é\l\?;ﬁ;n;yr)ils(:ag)éni?ggggv}hze: uﬂgoigﬁélegeﬂt’;t&
popular optiori. However, novel assembly methods or o . = L
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combinatorial libraries are still relatively expensive to synthegén@ ied a plasmid encoding constitutively ex Wﬂm
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biology continues to rely oheetive methods to assemble "™ ofcircal0, 20, 30, 50, and §G (Figure b.c, using
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directed mutagenesis, complex multigene assemblies, hnd®f 10 30 iC were assembled with! 86% accuracy

standardized biobrick assembly pipelines as well as &higure &.f, white diamonds). With these junctions, the

combination thereof with simple one-tube prot3¢bishe el ciency was 42000 to 65000 colonies per microgram of
recently developed PHUSER and AMUSER sdffifare DNA for one-fragment and 4400_t0 19300 _colonles per
further facilitate thim silicadesign procesgdsThe present ~ Microgram of DNA for four fragmeritg(re &.f, white bars).
study aims to improve the established uracil excision cloninn

methodology and to show its potential in combination with April 7, 2015

genome engineering. August 11, 2015

i I © 2015 American Chemical Society 1042 DOI: 10.1021/acssynbio.5b00113
ublications
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Figure 1lllustration of uracil excision cloning, model assembly assay, and optimizatidro(@)HENgs are generated by uracil excision when

AN,U sequences are incorporated in the oligonucleotides used in the PCR. (b) Oligonucleotides were designed to vary in fde length of AN
overhangs corresponding to melting temperafy)efson 10 to 6G C. (c) The plasmid pET Duet_ GFPstgppORF with an internal stop

codon is represented in white) was used as a template for PCRtemiuif one or four DNA fragments with uracil-containing oligonucleotides
(colored arrows correspond to the oligonucleotides illustrated in (b)); (d) uracil-containing fragments were assembled in the atiaci] excision rea
resulting in an intagfpexpressible from the leaky@omoter; k ciency of (e) one- and (f) four-fragment DNA assemblies via uracil excision
cloning in coloniesf of DNA for chemical transformation ofl 2.9f the uracil excision mixture iBcherichia cétiesults represent mean

values of at least three independent experiments with standard error. The original protocol is shown in white bars, and the optimized protocol v
puri'ed and unpured DNA parts, in black and gray bars, respectively. Accuracy as a percentage of correct clones is represented as white diame
for the original protocol and black or gray diamonds for the optimized protocol'edtfapdrinpured fragments, respectively.

Increasing th&,, of the ANU sequences to 50 and D RT may not assembleaently, and in a junction witilrg
resulted in fewer correct recombinants for the one-fragmeatiove 37C, the nucleotides upstream from the excised uracil
assembly, and it completely impaired the four-fragmemay not be releasetl @ently prior to fragment assembly.
assembly. Thus, we hypothesized that theciency of uracil excision
Optimizing the Annealing Step in Uracil Excision cloning could be improved by including an incubation step
Cloning. Previously described uracil excision DNA assemkdyound theT,, of the most stable assembly junction, followed
protocols typically include an initial incubation a€3or by a 10 C incubation step to ensuteceent assembly prior to
enzymatic removal of the uracil base and optimal cleavagérafisformation. This change in the protocol” sanly
the phospho-ribose backbone and a second incubatipgd at 25ncreased both the cloningcegncy and accuracy for all
or room temperature (RT) for assembly of the cohesivAN,U sequences tested, independent of the number of
ends*151821 However, an assembly junction wikp below  fragments assembleBigire &.f, black bars). Strikingly,

1043 DOI: 10.1021/acssynbio.5b00113
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Figure 2.0ne-step uracil excision cloning for pathway assembly and genomic integration (u-clonetegration). (a) Schematic representation of
pCDF_Duet_crtEBIYstop plasmid that contairls theotene biosynthetic genes ffamtoea ananati®d illustration of the reassembly with one,

two, or four fragments. (b) Representative plate with colonies containing the assembled carotenoid biosynthetic pathway. (c) Accuracy &
percentage of correct clones for one- (white bars), two- (gray bars), and four-fragment (black bars) assemblies witC 1503@y

(d) Schematic representation of the assembly of the pOSIP-KO plasmid and fragments of GFP used to assay u-clonetegration. (€) Represen
plate illustrating theteiency of the direct assembly and genomic integration of the constructdépelipgession. (f) Optimization by addition

of ligase or heat induction for u-clonetegration. (g) Schematic representation of the pOSIP-KO plasmid and four/six fragments éf the genes of thi
carotene pathway to assay multigene u-clonetegration. (h) Representative plate with colonies containingj-tteraiesenpiaitavay in the

genome. (i) Comparison of elient transformation protocols for u-clonetegration of four fragments (gray bars) and six fragments (black bars).
Results are represented as mean values of at least three independent experiments with standard error.

using this protocol, both one and four fragments can H@&ibson assembly, wherdl &8bexonuclease is preferred over a
assembled with almost 100% accuracy usidgsédiiences 31 51 exonuclease to avoid competition from the activity of
with aT, < 30;C. With the 50 and 6C overhangs, the four-  pNA polymeradpand because the USER enzyme is active in
fragm_ent assembly was sucd:e_saly with the newly most PCR Blers'? This feature is attractive, as it is time-
optimized protocol at an accuracgiraB90%. ) ) -
Assembling DNA Fragments Directly from the PCR. saving and enables automation. As shokiguire 1L(gray_
Uracil excision cloning enables assembly oftedpg@R ~ Pars), four fragments can beciently assembled with
products because the generateen@s are notlled in by ~ approximately 80% accuracy directly from LeghuPCR
excessive DNA polymerase activity (similar to the principle moducts; for one fragment, theiency and accuracy are even

1044 DOI: 10.1021/acssynbio.5b00113
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higher Figure ®). Larger overhangs perform poorly,excision and subsequently integrated in the genome with the
suggesting that fragment!maiion is a better choice for these. aid of the integrase encoded on the pOSIP vector with high
Accuracy of Uracil Excision Cloning for Assembly of €' ciency and accuracy, as judged from the number of
Complex Metabolic Pathways.Our uracil excision protocol $uorescent colonieBigure 2). Correct genomic integration
enables highly eient assembly of four DNA parts of variablein the same genomic location wasrooed by PCR in 12 out
size (from 540 to 2700 bpfrigure L To test whether the of 12 tested colonies (data not shown). Adding T4 DNA ligase
optimized protocol enables accurate assembly of several intameased thé eiency by nearly 4-fold and resulted in >60 000
genes in a biosynthetic pathway, we designed a strategy baskmxhies per microgram of DNAgure 8. We also tested the
onde novpart€assembly (sizes varying from 1 to 4.6 kb, usingtfect of heat induction for enhancing expression of the
oligonucleotide nos.!4@ in Supporting Information Table integrase by incubating the cells aCGi2or 15 min after
S) inside the four genesitE crtB crtl, andcrtY of the transformation, but this decreased"tlegeacy by up to 30%.
carotenoid biosynthetic pathway fRemtoea anan&fighe T4 ligase did not catalyze assembly in the absence of uracil
four genes were expressed in an operon from the T7 promogcisionKigure 9. Next, we attempted to assess the accuracy
(P17, Figure 2). Similar to thgfpbased system described of uracil excision clonetegration (u-clonetegration) by integrat-
above, we introduced a stop codon on the template plasnig multiple genes in tBe colgenome in a one-tube reaction
within the ORF ofrtY(pCDF_Duet_crtEBIYstoSupporting using thecrtEBIYmodel pathwayF{gure 8). The four-gene
Information Table $2ZCrtY converts lycopene (red color) into pathway was successfully integrated using the optimized uracil
| -carotene (orange color), and this setup therefore facilitategxgision protocol with T4 ligase from four and six assembled
simple colorimetric screen that distinguishes among!correcfragments, albeit with very loWciency Figure B8,i),
carotene-producing clones (orange), misassembled cloagggesting that four or more fragments are fhorenty
(white), and lycopene-producing clones derived from tHeansferred to the genome by rounds of subassemblies by PCR-
template plasmid (or constructs misassembiatlimoth or plasmid-based arhgditions prior to genome integration. In
red). To generate a compatible, highly competent cloning straintrast to previous repdftsye were able to combine uracil
that is capable of expressirtgBIYfrom I;r , we developed excision cloning with electroporation, and this increased the
uracil excision combined with clonetegfafisee below) to €' ciency of u-clonetegratidfigure 2 gray bars).
integrate genes encoding four variants of T7 RNA polymeras&/racil excision cloning is one of the most versatile DNA
in the genome of the NEBStrain. The derent T7 RNA assembly technologies available and can be used to perform
polymerases were integrated in the same Bupgo(ting  Scarless assemblies, deletions, insertions of up to 100 bp, and
Information Figure §leach variant of T7 polymerase*(T7 multiple simultaneous site-directed mutagéfé$ésn our
T7%(T3), T7*(N4), and T#(K1F)) is under the control of a experience, the short end-homology requirement in the uracil
lac promoter derivative,,Pand leads to#rent expression excision technology is an advantage when assembly junctions
levels of genes (high to low, respectively) controllgd®y P are in sequences with high secondary structure propensity, such
The four strains, NEBB7*, NEB5T3, NEBSN4, and as when two genes are assembled with a terminator in between.
NEBS5 K1F, were transformed with the carotenoid pathwaydere, we studied the design parameters for uracil excision DNA
encoding plasmid, and phenotype robustness was evaluate@ssgmbly and demonstrated that melting temperatures of the
colony homogeneity (data not shown). The NEBS strain ~ AN,U sequences between 10 anpC38nable highly' eient
produced the most homogeneous colonies and was selecte@fgk accurate assembly of up to four lepUPCR fragments
further studies. Assembly accuracy was then determinedobgli#erent sizes. When approachingClGassembly appears

counting the percentage of orange coldFigasé B). One-, to be more "ecient, but less accurate, and thus the chosen
two-, and four-fragment assemblies were performed with thé®sign is a compromise between these two parameters.
di#erent ANT overhang melting temperaturesirebl5, 30, Furthermore, we describe a simple one-tube protocol for

and 60;C (Figure ). For both the one- and two-fragment assembling up to six DNA fragments for direct genome
assemblies, accuracy was more than 70% for all asseffdgration irE. coligreatly facilitating the complex engineer-
junctions, but only the 3G AN,T overhang resulted in highly ing of multiple genes on the genome.
accurate assembly of four fragme®8% orange colonies).

Uracil Excision Cloning for Genome Engineering.
Genomic integration of heterologous genes and pathways isSupporting Information
attractive, particularly for the generation of stable productidine Supporting Information is available free of charge on the
strains for industrial scale-up. However, until recentlpCS Publications websitéDOl:10.1021/acssynbio.5b00113
integration of large complex pathways in the genome of complete methods, validating integration df T7
Escherichia cafid other bacteria was a laboriougtasie ) polymerase variants in the genome. afoli(Figure
recently described clonetegration technology elegantly sim- g1y sirains and plasmids used in this study (Table S1),
plites one-step DNA cloning and direct genomic integration  gnq oligonucleotides used in this study (Table S2)
into several phage integration sites available in c&mcodin (PDBP.
straing® Motivated by the"eciency of the optimized uracil
excision protocol, we wanted to combine the simplistic featur s
of the two technologies. By amplifying thep®moter and )
gfpin two fragments and combining them with the pOSIP-K&orresponding Author ]
plasmid as a third PCR fragmeFiggre 2, using *Phone:_+45 217-99184. Fax: +45-353-33300. Eonad@
oligonucleotide nos. 67, 68, and 7&L in Supporting  biosustain.dtu.dk
Information Table Shnd the template plasmid pET_- Author Contributions
Duet_GFPstop irSupporting Information Table)Sthe A.M.C. and S.H.K. performed the experiments. A.M.C., S.H.K.,
sequence was successfully assembled with one-pot u®&&l M.T.N., and M.H.H.N. designed the experiments. The
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SUPPLEMENTARY MATERIALS

METHODS

Strains, media and plasmi@scherichia cgtliain NEB5Sand its derivatives (see results section)
were used for cloning and profwagef plasmids (Supplementadyle 1). Chemically competent
cells of NEB5and derivatives watgtained as described elsewl@ompetency of the cells was
2.6-3.3' 10 CFU/#g DNA. NEBXK1F cells were maelectro competent using manufacturers
protocol (New EnglandoBibs, Ipswich, USA). Bacterie \weopagated on Luria-Bertani (LB)
agar plates or liquidvZxmedia supplemented veiiectinomycin (38 mL?*) or ampicillin (100

#g mLY) when required. Plasmids wsodated using the NucleoSpiasmid QuickPure Kit
(Macherey-Nagel, Dur‘n, Germany). A plasntiodiexy the carotenoid biosynthetic pathway
(Genbank accession number D90087) Reortoea ananatigas generously provided by Sheila
Ingemann Jensen. Constitutively expofpses cloned into the pET-Duet-1 pldgida/agen,
Darmstadt, Germany),vitnich the T7 promoter-{Pwas replaced with a leakypRmoter. A

stop codon was introduced irgthgequence by site-directed mutagenesis.

PCR conditions and DNA quantificatioBDNA parts were amplified using the proof-reading
PfuX7 DNA polymerds@fuX7 clone available upon rejjiestloned Pfu DNA polymerase

Buffer (buffer available from Agilent technol8gi@s, Clara, USA).RP@roducts were obtained

with 20 cycles in % reacthn mixtures using a C1000 TBlcthermal Cycler (BioRad,
Hercules, USA). PCR products were purifiegl aifPureLink?® Quick Gel Extraction and PCR
Purification Combo K{Life Technologies, Foster Cit\5A). Buffers for PCR and cloning
reactions were purchased froiterigechnologies (Santa CIa®A) and Invitrogen (Paisley,

UK). PCR products were quantified using a NanoDrop 8000 (Thermo Scientific, Wilmington,
USA).

Oligonucleotide designAll oligonucleotides were purch&sed Integrated DNA Technologies
(Coralville, 1A, USA) (Supplementary Tabkend)designed with melting temperatiirgsof

circa60jC (http://www.thermoscientificbio.combigols/tmc/). Uracil excision compatible PCR

products were obtained using oligonige#eatith overhangs designedTwitrarying from 10iC
to 60jC.

Assembly with uracil excision cloningracil excision cloning waapéed from the protocol
described by Geu FloeesaP. The uracil excision reaction contained 100 ng of each purified PCR
product, 5x Phusion HF buffer (InvitrogenefaisK) or T4 DNA ligase buffer (New England
Biolabs, IpswicbSA), 1 U of USERenzyme mix (New England Blgiswich, USA) in a final



volume of 10L. The mixture was incubated fonih5at 37;C, followed by min at 10;C, 15jC,
20jC, 30jC, 50iC 66;C and finally 10 min at 10;C, in a C1000" direimal Cycler (BioRad,
Hercules, USA). Optionally, 2.6f04 DNA ligase was added #ftesteps described above and
incubated at room temperature for 15 neiactiBh mixtures were kept on ice prior to
transformation into chemically compeferdolNEBS (for GFP assemblies) and chemical or
electro competeht colNEBS K1F cells (for camstoid pathway assembRgr electroporation, 2

'L of USER mixture was addeBi0ld. electro competent cells and transferred to ice-cold 2 mm
cuvettes. After pulsing by 2.5 kV in an eleatoop®50L of SOC was added and cells recovered
in 37iC for 1 hour. After transfation, plates were incutbae 37;C for 16 hours and when
relevant for several days at room temperatuter fdevwelopment. All oligoleatides used in this

study are summarized in Supplementary Table 1.

Uracil excision cloning for genome gémeering with clonetegrationClonetegration was
performed as previously descfibedhort, the pOSIP backbonesgenes to be integrated on the
genome were amplified with the oligonucleotides listed in Supplementary Table 2 and purified DNA
parts were assembled with uracil excision c¢toriidgligase buffer as described above. For
construction of NEBS5strains antaining orthogonal T7 polyassr variants, DNA parts were
obtained by amplification frg@®SIP-KL backbone and eaeknmd harboring the T7 RNA
polymerase variants (Supplemeiitale 2). Subsequently, the assembled parts were transformed
into NEB5 and the integrase modiiipped out as described previblsly.the GFP assembly

test, the pET_Duet_GFPstop pldsnas used as template @R amplificath with 20;C AN-
overhang-containing oligonucleotides. For asserdbligtegration ofethcarotenoid pathway,

DNA fragments were amplified wiigonucleotides containing 30jCJAblverhangs from
pCDF_Duet_crtEBlYstop. Réauts were performed in T4 DNA ligase buffer (New England
Biolabs, Ipswich, USA) (as described abosgeiobly with uracil excision cloning) binavare
transformed int&. colNEBS K1F chemically or electranpetent cells. After transformation,
plates were incubated at 30iC for 20 housulzsehuently at room temperature for color

development.



Supplementary Figures

Figure 1SValidating integration of T7*ymoérase variants on the genorae afiINEB5a. (a)
Integration of variants of fié RNA polymerase, using umaiision in combination with
clonetegratioh was validated with PCR using a Pluclgmtide that anneals on the genome and

a P2 oligonucleotide that anneals in theatett@NA. (b) PCR was performed on three colonies
from each T7 variant constructed and anblyzgrhrose gel electrophoresis. The expected PCR

product size (631 bp) was observed in all the tested colonies.



Supplementary Tables

Property Reference
Strains
MG1655
E. colNEBS fhuA2" (argF-lacZ)@69 phoA glnV4480 NEB
" (lacZz)M15 gyrA96 recAl relAl endAl thi-1
hsdR17
NEBRPO1 NEBS5with a T7* RNA polymerase This study
integrated, K&n
NEBRPO02 NEBSwith a T7*(T3) RNA polymerase  This study
integrated, K&n
NEBRPO3 NEBS5with a T7*(K1F) RNA polymerase This study
integrated, K&n
NEBRP04 NEBS5with a T7*(N4) RNA polymerase  This study
integrated, K&n
NEBRPO5 NEBRPO1 without integrase module This study
Plasmids
puC19 Cloning vector, Aip NEB
pET_Ptrc-GFP GFPopt expre$smd Ptrc promoter in pET-This study
Duet-1
pET_Duet_GFP stop PET re4GFP with stop codorgipORF This study
N249 T7* RNA polymerase,Spc [7]
N377:115 T7*(T3) RNA polymeraseRSpc [7]
N421:115 T7*(K1F) RNA polymerase® Spc [7]
W74 T7*(N4) RNA polymerase,"Spc [7]
pOSIP-KL Clonetegratiplasmid with kanamycin [6]
resistance and lambda integras®, Kan
pOSIP-KO Clonegeation plasmidith kanamycin [6]
resistance and 186 integrasé, Kan
pE-FLP FLP recombinaseresging plasmid, Amp  [6]
pS1J31B P. ananatis crtEBhYpCDF_Duet, Spc unpublished
pCDF_Duet_crtEBIYsto pSIJ31B with stop codoworitY This study
p

Supplementary TableStrains and plasmids used in this study



Number Sequence Strategy

-

AACAAGGGUCAATCACCTTCAAACTTGACTACAGC

ACCCTTGUTAATCGTATCGAGTTAAAGGGTAC

ACAAGGGUATCACCTTCAAACTTGACTACAGC

ACCCTTGTUAATCGTATCGAGTTAAAGGG

AACAAGGGUATCACCTTCAAACTTGACTACAGC

ACCCTTGTTAAUCGTATCGAGTTAAAGGGTAC

ATTAACAAGGGUATCACCTTCAAACTTGACTACAGC

ACCCTTGTTAATCGTAUCGAGTTAAAGGGTACTG

ATACGATTAACAAGGGUATCACCTTCAAACTTGACT

ACAGC

10 ACCCTTGTTAATCGTATCGAGUTAAAGGGTACTGAT
TTTAAAG

11 ACTCGATACGATTAACAAGGGUATCACCTTCAAACT
TGACTACAGC

12 ACGGTATCUCAAAAAGGATCTTCACCTAGATC

13 AGATACCGUATAATCTCATGCCATCGTGC

14  ACGGTATCTUCAAAAAGGATCTTCACCTAGATC

15  AAGATACCGUATAATCTCATGCCATCGTGC

16  ACGGTATCTTAGUCAAAAAGGATCTTCACCTAGATC

17 ACTAAGATACCGUATAATCTCATGCCATCGTGC

18 ACGGTATCTTAGTCCAGUCAAAAAGGATCTTCACCT
AGATC

19 ACTGGACTAAGATACCGUATAATCTCATGCCATCGT Uracil excision
GC cloning

20 ACGGTATCTTAGTCCAGTGACTGUCAAAAAGGATCT
TCACCTAGATC

21 ACAGTCACTGGACTAAGATACCGUATAATCTCATGC
CATCGTGC

22  AGGTACTAAUCAGCAGCAGTCGCTTCAC

23 ATTAGTACCUCAAAACGTCTGCGACCTG

24  AGGTACTAATGUCAGCAGCAGTCGCTTCAC

25  ACATTAGTACCUCAAAACGTCTGCGACCTG

26  AGGTACTAATGTCTUCAGCAGCAGTCGCTTCAC

27 AAGACATTAGTACCUCAAAACGTCTGCGACCTG

28 AGGTACTAATGTCTTACGGUCAGCAGCAGTCGCTT
CAC

29 ACCGTAAGACATTAGTACCUCAAAACGTCTGCGACC
TG

30 AGGTACTAATGTCTTACGGTCGATUCAGCAGCAGTC
GCTTCAC

31 AATCGACCGTAAGACATTAGTACCUCAAAACGTCTG
CGACCTG

32  AGCATCAGUGATGTCGGCGATATAGGCG

33  ACTGATGCUACCGATGGGGAAGATCG

34  AGCATCAGTAUGATGTCGGCGATATAGGCG

35  ATACTGATGCUACCGATGGGGAAGATCG

© o ~NOoO O~ WN



36 AGCATCAGTATCUGATGTCGGCGATATAGGCG

37 AGATACTGATGCUACCGATGGGGAAGATCG

38 AGCATCAGTATCTGCAAUGATGTCGGCGATATAGGC
G

39 ATTGCAGATACTGATGCUACCGATGGGGAAGATCG

40 AGCATCAGTATCTGCAATCCAUGATGTCGGCGATAT
AGGCG

41 ATGGATTGCAGATACTGATGCUACCGATGGGGAAG
ATCG

42 ACGCACUATATTGATAATGCGTGATTAGATC

43 ATGAATGGUAGGGCGTCCGC

44  ACCATTCAUTCTCATTACGGAGAG

45 AACGCGUAAGCCGGGGCGA

46 ACGCGTUTGATCATCTGGAAGGCTTC

47 ATAAATGGAUGAGGTGGCGAAGG

48 ATCCATTTAUACGTTGATACACGCGCTG

49 AGTGCGUGTCTTCAATTAACAATCTGG

50 ACGCACUATATTGATAATGCGACATTAGATC

51 AGAATGAATGGUAGGGCGTC

52 ACCATTCATTCUCATTACGGAGAG

53 ATCAAACGCGUAAGCCGGGGCGATATC

54  ACGCGTTTGAUCATCTGGAAGGCTTC

55 ACGTATAAATGGAUGAGGTGGCGAAG

56 ATCCATTTATACGUTGATACACGCGCTG

57 ATATAGTGCGUGTCTTCAATTAACAATCTG

58 ACGCACTATAUTGATAATGCGACATTAGATC

59 ATGCTCTCCGTAATGAGAATGAATGGU

60 ACCATTCATTCTCATTACGGAGAGCAU

61 AGCCTTCCAGATGATCAAACGCGU

62 ACGCGTTTGATCATCTGGAAGGCU

63 AGCGCGTGTATCAACGTATAAATGGAU

64  ATCCATTTATACGTTGATACACGCGCU

65 ATCTAATGTCGCATTATCAATATAGTGCGU

66 ACGCACTATATTGATAATGCGACATTAGAU

67 AGATGCAUGGCGCCTAACC

68 AGCCCTCUAGAGGATCCCCGGGTAC

69 AGAGGGCUGTTCTGGCAAATATTCTGAAATGAGCTG

70 ATGCATCUCTAACTAACTAACCCTTAGTGACTCCTG U-clonetegration
71 AGAGGGCUATGCGTCCGGCGTAGAGG

72 ATGCATCUGATTATGCGGCCGTGTACAA

73 AGAGGGCUGCGACTCCTGCATTAGGAAAT

Supplementary Table ®ligonucleotides used in this study
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Uracil Excision for Assembly of Complex Pathways

Ana Mafalda Cavaleiro, Morten T. Nielsen, Se Hyeuk Kim, Susanna
Sepyilh, and Morten H.H. N¢rholm

Abstract

Despite decreasing prices on synthetic DNA constructs, higher-order assembly of PCR-generated DNA
continues to be an important exercise in molecular and synthetic biology. Simplicity and robustness are
attractive features met by the uracil excision DNA assembly method, which is one of the most inexpensive
technologies available. Here, we describe four different protocols for uracil excision-based DNA editing:
one for simple manipulations such as site-directed mutagenesis, one for plasmid-based multigene assembly
in Escherichia calione for one-step assembly and integration of single or multiple genes into the genome,
and a standardized assembly pipeline using benchmarked oligonucleotides for pathway assembly and
multigene expression optimization.

Keywords: BioBricks, DNA editing, Metabolic engineering, Molecular cloning, Synthetic biology,
Uracil excision cloning

1 Introduction

The polymerase chain reaction (PCR)1] is a simple yet incredibly
powerful technology that revolutionized molecular biology.
Shortly after the advent of PCR, a handful of methods for assembly
of PCR-ampliPed DNA into larger constructs was developed. PCR
generates double-stranded DNA Ranked by sequences that are
debned by the two PCR primers, and several methods exist that
facilitate the formation of cohesive ends for specibc higher-order
assemblies (Figl). Simple features can be added when the oligo-
nucleotides are chemically synthesized. As an example, uracil exci-
sion DNA assembly makes use of oligonucleotides where selected
thymines are replaced by uracils. This is a non-mutagenic and PCR-
tolerated replacement, as the uracil is able to form base pairs with
adenine nucleotides on the complementary strand2p4]. Follow-

ing PCR, the uracils are selectively removed by treatment with
uracil DNA glycosidase, leaving a chemically unstable phosphori-
bose backbone. At elevated temperatures, the upstream sequence

T.J. McGenity et al. (eds.), Hydrocarbon and Lipid Microbiology Protocols , Springer Protocols Handbooks,
DOI 10.1007/8623_2015_133,© Springer-Verlag Berlin Heidelberg 2015
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Fig. llllustration of different methods to create cohesive ends on PCR fragments for specibc higher-or
assemblies. In the schematic examples, all four methods can generat€thhesineeehds that are not

blled in by excess DNA polymerase activity from the PCR. Thus, all methods can in principle be empl
directly after PCR with no prior purib&diemotes the phosphorothioate modibcation employed in the PTO/
PLICing cloning technoldgylenotes iodine and etOH denotes ethanol. For more information and refer-
ences, see main text

dissociates, generating a single-stranded DNA overhang. A recently
developed similar approach uses phosphorothioate (PTO)-
modibed synthetic oligonucleotides $]. PTO-modibed DNA is
converted to single-stranded DNA by treatment with a solution
of iodide and ethanol. Thus, in the case of PTO, the formation of
cohesive ends is enzyme-free. Another enzyme-free route to cohe-
sive ends on PCR products involves the use of two pairs of highly
similar oligonucleotides, but of slightly different length, for ampli-
bcation of the same DNA template §]. When the resulting two
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PCR products are mixed, denatured, and reannealed, the two
products recombine and form single-stranded ends debned by the
length difference of the two oligonucleotide pairs. However, this
approach complicates the PCR setup (and doubles the price tag)
and does not seem to be extensively used. Finally, exonuclease-
catalyzed recessions of the ends of the DNA are heavily used alter-
natives, e.g., in the form of ligase-independent cloning (LIC) [/] or
the commercially available cloning kit Gibson Assembl\8].

In our experience, uracil excision excels in robustness, simplic-
ity, and price tag. This may be explained by the relatively short
overlap sequence that uracil excision requires (typically 7b12
nucleotides [9], compared to, e.g., 12 nucleotides for PTO-based
cloning [5] and 40 nucleotides for Gibson Assembly 10]). Theo-
retically, DNA fragments with cohesive ends should recombine
with the same efbciency independently of how the single-stranded
ends were generated. However, the protocol, purity, and quality of
the DNA overhangs make all the difference. The quality and yield
of synthetic oligonucleotides is typically low when approaching a
size of 100 nucleobases 1[1]. Therefore, PCR-based assembly
technologies that use short oligonucleotides are probably less
error prone and more efbcient. Moreover, short functional ele-
ments, such as promoters or ribosome binding sites, can easily be
correctly incorporated directly in oligonucleotides that are assem-
bled using short overlap sequences, because the total length of the
oligonucleotide is kept relatively short. In our experience, 8OtailsO
(sequence added at the %end of the oligonucleotides that do not
anneal to the template DNA in the Prst PCR cycles) up to more
than 100 nucleotides are possible, but often negatively affect the
PCR yield.

Another way to ensure oligonucleotide quality is to build a
molecular cloning pipeline that reuses benchmarked oligonucleo-
tides. This was recently demonstrated for the uracil excision assem-
bly and engineering of a six-gene biosynthetic pathway for
porphyrin production [ 12] and a seven-gene heterologous pathway
for production of a diterpene in Escherichia coli13]. This type of
standardization perfectly bts large collaborative efforts, much like
BioBricks in the global IGEM project [14], and reuse of parts also
enables better comparison of data.

Protocols for simple and seamless assembly of PCR products
(also known as USER fusion), and the corresponding primer
design, have been described and reviewed previousli5[ 16].
Here, we provide protocols for simple manipulations and more
complex assembly pipelines, including site-directed mutagenesis,
multigene assembly, one-step cloning, and genome integration
with uracil excision, and for a standardized, BioBrick uracil
excision-based DNA editing pipeline.
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2 Materials

2.1 Strains, Media,
and Antibiotic
Selection

2.2 PCR Components

2.3 USER Cloning

. Bacterial strainsE. colistrain NEB5! (New England Biolabs,

Ipswich, USA) is used as a cloning hostE. coli BL21, K12
MG1655, and KRX (Promega, Madison, USA) are used for
uracil excision combined with genomic integration (see
below).

. Growth media: SOC (20 g Bacto-Tryptone, 5 g yeast extract,

10 mM NaCl, 2.5 mM KCI, 20 mM MgSO 4, 20 mM glucose,
water up to 1 L), 2! YT (16 g Bacto-Tryptone, 10 g yeast
extract, 5 g NaCl, water up to 1 L), and LB (10 g Bacto-
Tryptone, 5 g yeast extract, 10 g NaCl, water upto 1 L) (all rea-
gents can be purchased from Sigma-Aldrich, St. Louis, USA).

. Antibiotics: chloramphenicol (25 "g/mL), kanamycin

(50 "g/mL), and tetracycline (50 "g/mL) (Sigma-Aldrich,
St. Louis, USA). For clonetegation, half concentration is
used with all antibiotics.

. DNA polymerase: uracil excision-compatible PCR products are

ampliped using the proofreading PfuX7 DNA polymerasel[7]
(seeNote 1). Cloned Pfu DNA Polymerase Buffer (Agilent
Technologies, Santa Clara, USA) is used to buffer the reaction
mixture.

. Oligonucleotides (Integrated DNA Technologies, Inc., Coral-

ville, USA) are designed with melting temperaturesT,,) of ca.
60" C. Additionally, all oligonucleotides contain one uracil, typi-
cally placed 7D12 nucleotides from the %end (seeNote 2).
Upon uracil excision, the generated single-stranded ends
should have melting temperatures between 10 and 3CQ [18]
(seéNote 3).

. Template DNA: plasmid DNA is isolated using the NucleoSpin

Plasmid QuickPure Kit (Macherey-Nagel, Bethlehem, USA).
Plasmid aliquots are kept a# 20" C (sed\ote 4).

. PCR puribcation: PCR products are puribed using a PureLifk

Quick Gel Extraction and PCR Puribcation Combo Kit
(Thermo Fisher Scientibc Inc., Waltham, USA).

. Template DNA removal: Dpnl (20,000 U/mL) (New England

Biolabs, Ipswich, USA) is used to degrade methylated template
DNA after the PCR.

. USER® enzyme mix (New England Biolabs, Ipswich, USA).
. USER reaction is performed in 3 Phusion HF Buffer (Life

Technologies, Grand Island, USA) or Cloned Pfu DNA Poly-
merase Buffer (Agilent Technologies, Santa Clara, USA).



2.4 Plasmid DNA
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1. Vectors: a series of pOSIP vectors is described in St-Pierre
et al. [19] and can be obtained from Addgene (Addgene,
Cambridge, USA). Duet vectors are available from Merck
Millipore (EMD Millipore, Billerica, USA) or Addgene.

3 Methods

3.1 PCRs

The protocols described here showcase the versatility of the uracil
excision methodology and include protocols for (1) simple introduc-
tions of mutations, deletions, and insertions in DNA, (2) multigene
assembly, (3) direct assembly and genome integration, and (4) using
standardized BioBricks for assembly of pathways. The Prst uracil
excision protocol describes the introduction of mutations, inser-
tions, or deletions by one-fragment whole-plasmid synthesis and is
largely based on the overall principles described by N¢ rholniY].
Multigene assembly is performed as described previousBO] with
some modibcations. The third uracil excision protocol adds direct
genome integration (clonetegration [L9]) to the uracil excision
portfolio. The optimal design parameters for multigene assembly
and uracil excision combined with clonetegration have recently
been explored [L8]. Detailed information on clonetegration includ-
ing vectors and an oligonucleotide list for colony PCR is described in
St-Pierre et al. [L9]. The fourth uracil excision protocol describes two
operations of a fully standardized assembly procedure. The prst stan-
dardized operation encompasses cloning of genes of interest into an
entry vector using gene-specibc oligonucleotides with bxed exten-
sions mediating cloning. This vector contains all elements required
for protein production in E. coliand can therefore be used straight-
away for monitoring proper transcription and translation. The second
standardized operation is assembly of entry fragments into multigene
constructs using pairs of oligonucleotides with generic annealing
parts, but distinct cloning mediating extensions. These oligonucleo-
tides facilitate directional and specibc assembly of any number of
fragments. For detailed description of the options and limitations of
such a standardized design, please refer to Nielsen et 42].

The PCRs are performed using 1L PfuX7 DNA polymerase (the
optimal concentration is typically batch dependent and should be
empirically determined when purifying the polymerase b after
desalting of his-tagged-puribped PfuX717], we typically determine
the optimal concentration by titrating the amount of PfuX7 in a
standard PCR reaction), 5 L 10! Cloned Pfu Polymerase Buffer,
5L dNTP mix (25 mM each of dATP, dTTP, dGTP, dCTP), 2 !L
DNA template (150 ng !'L), 5 'L forward primer (5 M), 5 'L
reverse primer (5 M), 1.2 I L MgCl , (50 mM) (it may be advanta-
geous to optimize the MgCl, concentration from batch to batch
PfuX7 by titrating the Pnal concentration from 1 to 5 mM), and
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3.2 Analysis and
Puribcation of PCR
Results

3.3 Simple Protocol
for Site-Directed
Mutagenesis,
Insertions, or
Deletions

3.4 Uracil Excision-
Assisted Multigene
Assembly

3.4.1 Simple Multigene
Assembly with Non-
puribed Fragments

3.4.2 Multigene
Assembly with Puribed
Fragments

3.5 Chemical
Transformation of
E. colINEBS5 Cells

29.8 ' L nuclease-free water. The PCR involves an initial denatur-
ation step at 98 C for 2 min, then 20 cycles of 98 C for 20 s, 58'C
for 20 s, and 72 C for 45 s/kbp. Finally, the thermocycler is
programmed for 72' C for 8 min and stored at 12 C.

PCR products are analyzed by standard agarose gel electrophoresis.
The resulting PCR products may be puribed using any PCR
cleanup kit.

Mutations, deletions, or insertions in plasmid constructs are made
by amplifying the whole plasmid with uracil-containing oligonu-
cleotides that incorporate these new features. The extraordinarily
simple protocol involves adding USER enzyme mix andDpnl
directly to the PCR reaction mix described above; incubate for 1 h
at 37' C and 20 min at 16' C in a thermocycler followed by direct
transformation of 3 ! L of the reaction mixture into 17 ! L chemi-
cally competent cells ¢eeSect.3.5). Oligonucleotide design is very
Bexible, but general guidelines can be found in Sec2.2, and it is
recommended to try software-assisted design tools such as
AMUSER [ 21].

For assembly of two or more fragments, equal volumes of each
PCR reaction are mixed in a total volume of 10 L and buffered
using the 5° Phusion HF Buffer (seeNote 5). For template
removal, Dpnl is added prior to USER* enzyme mix and incu-
bated for 1 h at 37 C. The Dpnl enzyme is deactivated by incuba-
tion at 65'C for 10 min. After 5 min on ice, 1 !L of USER?
enzyme mix is added to the reaction tubes, and uracil excision is
accomplished by incubating the sample at 3T for 15 min. Subse-
quently, DNA assembly is executed by cooling down the reaction to
below the melting temperature of the cohesive ends for at least
15 min.

Puriped DNA fragments sedote 6) are assembled as described for
the non-puribed DNA fragments except that 100 ng of each frag-
ment is used and theDpnl -assisted template elimination step can be
omitted.

17 'L of chemically competentE. coliNEB5" cells are mixed with
3 !'L of the assembly mix described above and incubated for 15 min
on ice followed by a heat shock at 42C for 1 min (seeNote 7).
Following the heat shock, 1 mL of LB medium is added, and the
cells are incubated for 1 h at 37C, followed by plating on solid LB
medium with the appropriate antibiotic selection for 16 h at 37 C.
For selection with antibiotics like ampicillin or carbenicillin, the
cells can be spread without a 1 h recovery step.



3.6 One-Step Uracll
Excision Assembly and
Genome Integration

3.7 Standardized
BioBrick
Bioengineering
Pipeline with Uracil
Excision

Uracil Excision for Assembly of Complex Pathways

Amplify one of the pOSIP backbones ¢eeNote 8 and [19]) with

the oligonucleotides BXAGATGCAUGGCGCCTAACC-3 © and
52AGCCCTCUAGAGGATCCCCGGGTAC-3 %and the DNA to

be integrated on the genome with £AGAGGGCU-3 %followed by

a gene-specibc forward annealing sequence arfddF GCATCU-3 ©
followed by a gene-specibc reverse annealing sequence using the
PCR conditions described above. Gel purify the ampliped DNA,
and make an assembly mix as described above except for using a
molar ratio of 3:1 between insert and vector. Transfornk. colicells

as described aboveRecover the cells in SOC medium at 37C for

1 h, spread the cells on LB agar plate containing the appropriate
antibiotic, and incubate the plate at 30C for 20 h. Perform a
standard colony PCR to conbrm the clones are integrated as
described in St-Pierre et al. 19].

Make initial entry clones by PCR amplifying the pET-Duet-1
vector using the oligonucleotides $AGCACTGGUCATTGCTA
ATGCTTAAGTCGAACAG-3 ° and 5*ACCACTGGUCATTGC
TTATCTCCTTCTTAAAGT-3 ?(seeNote 9). PCR amplify gene-
coding sequences with 8ACCAGTGGU-3 ° followed by a gene-
specibc forward annealing sequence and*ACCAGTGCU-3°
followed by a gene-specibc reverse annealing sequence. In the
standardized entry clones, SATGACCAGTGGT-3 °that translates
into MTSG is added to the 5° end, and 5*AGCACTGGTCA
TTGC-3that translates into TSGHC is added to the open reading
frame. Make sure that the oligonucleotides anneal in frame with the
coding sequence. At this stage, genes of interest can be tested for
proper transcription and translation using selectivé®S-methionine
labeling of gene products in the presence of rifampicirseéNote 10
and [22]). The standardized ¥ end may facilitate a more predict-
able translational initiation rate, as previously described for similar
translational fusions P3, 24], and the standardized § and 3
sequences serve as anneal sites for collections of standardized oli-
gonucleotides for higher-order assemblies, independent of the spe-
cibc genes inserted in the entry vectors. Higher-order assemblies are
generated with oligonucleotides with the same overall design: linker +
control element + annealing sequence. When generating the pET-
Duet-1-based entry vector as described above, the forward annealing
sequence for downstream multigene assembly iATAAGCAAT
GACCAGTGGT-3% and the reverse annealing sequence is:5
TAATGTAAGTTAGCTCACTCATTAG-3 © The principle is sche-
matically illustrated in Fig. 2. The setup will allow the buildup of a
library of benchmarked oligonucleotides where differently designed
linkers have been validated for correct assembly. Examples of validated
linkers are ®ACACCGACU-3 95 CAGTCGGTGU-3 ¢ 5%
ACGCTGCTU-3 95 CAAGCAGCGU-3 % 52°AGACGTCAU-3 95 ©
ATGACGTCU-3 % 52AGGTCTGAGU-3 95 “ACTCAGACCU-3 ¢
52ATAGGCTTU-3 95 “AAAGCCTAU-3 % and 5>AACGTGGAU-

395 CATCCACGTU-3 °[12, 13]. Examples of control elements are
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Fig. 2lllustration of the two-step, uracil excision-based, standardized pipeline for multigeneagngineering.
In the prst step, genes of interest are cloned with standardized linkers into an entry vector. In the entry ve
an orthogonal T7 phage promoter allows for assessment of proper transcription and fr8aslation by
methionine labeling in the presence of rifampicin (rifampicin blocks transcription of endogenous genes
inhibiting the endogen&usolRNA polymerasé).The standardized linkers allow the use of standardized
oligonucleotides for re-amplibcation and construction of multigene constructs with benchmarked linkers
functional elements such as promoters and ribosome binding sites. Linkers for uracil excision are relati
short, thus allowing for larger control elements to be incorporated in standard oligonucleotides

constitutive promoters such as R. followed by randomized Shine-
Dalgarno sequences (for detailsed 2] and the phage promoter R
followed by the lac operator and a consensus Shine-Dalgarno sequence
(for details, sed 3]. The protocols for assembly are as described above
(sedote 11).

4 Notes

1. Commercially available proofreading DNA polymerases with
similar characteristics are available as Phusion U Hot Start
DNA Polymerase (Thermo Fischer Scientibc, Pittsburgh,
USA) and KAPA HiFi Uracil+ (Kapa Biosystems, Inc., Wil-
mington, USA).
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. Oligonucleotides can be designed using the PHUSER or

AMUSER software [21, 25].

. The melting temperature of the overhangs can be calculated by

online software tools such as the Tm calculator from Thermo
Fischer Scientibc.

. Plasmid aliquots should contain a small volume (max. 50L) to

avoid repeated cycles of freeze thawing.

. According to the supplier (New England Biolabs, Ipswich,

USA), the USER® enzyme is active in all standard reaction
buffers. We routinely use buffers such as Phusion HF, NEB4,
cloned Pfu buffer, and T4 ligase buffer.

. In our experience, puribcation in some cases enhances the

efpciency and bdelity of the assembly reaction, possibly due
the removal of interfering oligonucleotides [L8], but it also
complicates the protocol.

. We routinely use between 30 s and 2 min for heat shock b the

optimal incubation time depends on the plasticware and the
heat block and can be optimized empirically.

. Clonetegration is highly dependent on the kind of integrase in

the pOSIP vector and the efbciency of the competent cells.
Before you select the strain and vector for integration, check
if the strain contains theattB site in the genome corresponding
to the integrase andattP site in the vector. For example, in the
case of pOSIP-KO (containing phage 186 integrase), MG1655
contains two correspondingattB sites, whereas BL21 (DE3)
contains only one.

. The protocol is described for uracil excision cloning, since this

is the technique most often applied in our lab. The concept and
principles of standardized assembly, however, are by no means
limited to this cloning technique. On the contrary, the princi-
ples can be implemented with any PCR-based cloning tech-
nique as well as several restriction enzyme-based techniques as
described in Nielsen et al. 12].

While his technique should be applicable to alE. coli strains
containing T7-RNA polymerase, it is our experience that BL-21
(DE3) is superior regarding the 35-S labeling of proteins. We
cannot say whether this is attributed to increased uptake and
incorporation of labeled methionine, efbciency of cell lysis, or
another parameter, but in side-by-side comparisons, BL-21
(DE3) consistently gives us the strongest labeling signals. Any
debPned media can be used, but we have found that the PASM-
51 media developed by Studier (2005) yields robust expression
of many different protein types in variousg. coli expression
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strains. By depleting the media of methionine, more efpbcient
labeling is achieved.

11. The described oligonucleotides facilitate directional and spe-
cibc assembly of any number of fragments, although efbciency
decreases as the number of fragments increases. In our lab, 3b5
fragments (including the vector backbone) are routinely assem-
bled using this protocol.
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DNA vectors serve to maintain and select
recombinant DNA in cell factories, and as design complexity
increases, there is a greater need for well-characterized parts
and methods for their assembly. Standards in synthetic biology
are top priority, but standardizing molecular cloning contrasts
! exibility, and terent researchers prefer and maseredt
molecular technologies. Here, we describe a new, highly
versatile and automatable stan@EYA linkeffor vector
exchange. SEVA linkers enable backbone swapping with 20
combinations of classical enzymatic restriction/ligation,
Gibson isothermal assembly, uracil excision cloning, and a
nicking enzyme-based methodology we term SEVA cloning.
SEVA cloning is a simplistic one-tube protocol for backbone swapping directly from plasmid stock solutions. We demonstrate th
di"erent performance of 30 plasmid backbones for small molecule and protein production and obtain more than 10-fold
improvement from a four-gene biosynthetic pathway and 430-fold improvemertaultit@aelipress membrane protein.
The standardized linkers and protocols add to the Standard European Vectors Architecture (SEVA) resource and are freel
available to the synthetic biology community.

synthetic biology standards, plasmid backbone exchange, standard parts characterization, cell factory design

he early steps in engineering of microbial cell factorieslection is inherently linked to metabolic bubtiesss costs
typically involve a choice of vector for gene expressiand physiological changjeés.

This vector enables maintenance (replication) of the genetidMost synthetic biology and metabolic engineering projects
elements of interest, e.g., by containing an origin of replicatiequire &rst step of DNA assembfy+*and with increasingly
or elements ensuring transfer to the microbial genome, aadvanced design requirements, simple methods for genetic
often includes a selectable trait, in bacteria typically in the foslements exchange are highly attractive. Strug@hdgttie
of antibiotic resistance. These initial choices can have a majest-suited assembly and exchange strategies is common among
impact on the performance of the cell factory, and balancirgsearchers since all of the described DNA cloning methods
these factors is imperative to optimize prodti€tion. possess 'thrent limitations. Moreover, a consensus method-

Plasmids are extrachromosomal DNA elements that aegy is hard to agree on: best exeapliith the paradoxical
nonessential, can replicate autonomously and are eagijh number of assembly strategies available at the Registry of
modied in vitroand thus represent an extremely powerfustandard Biological Paftlevertheless, standardized genetic
toolbox for molecular biology. The number of plasmigarts and methods for their assembly are very important for
molecules in a single cell sggacthe amount of gene copies continuous progress in the synthetic bictet)®” For
available for expression, and this copy number is determine@Rmple, standards surely will enable more systematic and
di" erent genetic elements at the origin of repliéatiiicity  reliable approaches to assay the performance and robustness of
of plasmid-encoded proteins is usually the highest metabglghetic elements.
burden for a production hdsind gene overexpression is @~ Here we attempt to address the standardization paradox by
stress for the organism that needs to cope with this metabejigsigning small multifunctional DNA fragments designed to
overload and prevent the sy@dmmeakdowhMoreover, extra  jink together genetic elements often used in bacterial cell
DNA elements and gene expression will likely compete Willttories. The resulting linkers contain elements enabling
the native DNA for essential resources, e.g., the native Rp$htinuous reassembly with several of the most common
polymeras

In a typical laboratory setup, horizontal gene transfer events
are selected for with the aid of antibiotic resistance genes.
Antibiotics either inhibit bacterial cell growth (bacteriostatics) November 30, 2015
or cause bacterial cell death (bactericidBis)s, antibiotic
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Figure 1.lllustration and optimization of SEVA-linker-based backbone exchange. (a) The cargo, here illustrated with a piégrgd-encoded
"anked by two multifunctional linker sequences altogether hosting a total of nine rare restriction blteBbavetiitdimg enzyme recognition

sites (see expanded view). When mixed willt.Blevcenzyme and a backbone acceptor plasmid, hosting thedfyene anked with the

same linkers, the recombined cargo can be selected on the awfileidtiy diee acceptor backbone. The expanded view of the reaction shows all
assembly possibilities. (b) Left pafiefiemcy of recombination withetient ratios of backbone acceptor and cargo donor plasmids, and with the
addition of T4 DNA ligase to the mixture. Right panel: representative picture shéxregtiecembination ofgépexpressing cargo into a

new backbone acceptor plasmid.

DNA assembly methodologies (e.g., restriction enzymesln the Standard European Vector Architecture (SEVA),
Gibson assembly and uracil excision cloning) and with a néiherent rare restriction sitesk three basic genetic elements:
extraordinary simple protocol for plasmid backbone exchar»%i.amibimic selection markers, (2) origins of replication and
Finally, we demonstrate the usefulness of this resource ré/the so-called cargo that contains the genetic elements

. . ) ) cessary for the end-application of the cell factory (very often
systematically comparing bacterial production of the membr hromoter driving expression of a g@gure SiL

protein Nark and the food coloring pigmemarotene  |nortantly, these genetic elements have tredddeorders
produced from a four-gene biosynthetic pathway, each withwgt are useful for parts exchange and a catalogue of all 54
total of 30 combinations of origins of replication and antibiotigombinations of nine origins of replication with six antibiotic
resistance markers. resistance markers is available.

B DOI:10.1021/acssynbio.5b00257
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Figure 2 Production of -carotene and the membrane protein NarK witi&@uli combinations of origins of replication and antibiotic resistance
markers. (a) Upper panel: illustration of the cargo with T7 promoter driven expression of the four-gene crtEBIY biosynthetic pathway. Lower |
panel: colony phenotypes of the crtEBIY cargo combined with ampicillin (Ap), kanamycin (Km), chloramphenicol (Cm), spectinomycin/
streptomycin (Sm/Sp), tetracycline (Tc) or gentamycin selection; and the pBBR1, p15A, pSC101 or pBR322/ROP origins of replication. All 3
combinations were transformed into BotoINEBS ::T7* (left side) and NEB5K1F (right side) hosting twatdrent variants of the T7 RNA
polymerase. No combinations with the high copy pUC origin of replication yielded surviving colonies. Lower right panel: heat map representatior
carotenoid levels measured by acetone extraction and absorbance at 453 nm on the 24 viable backbone$ vaiamtsdrNEBB5K1F.

(b) Left panel: illustration of the NarK-GFP protein (based on théepdbEMA and 4U4V) and cargo constructs. Middle panel: Fluorescence
fromE. colBL21 (DE3) transformed with 3@efient backbones in combination with the T7-narK-gfp cargo. Right panel: heat map representation
of "uorescence levels quatiin a microplate reader after four and 24 h expression.

To make this great resource compatible with a range of stédgbl, MalBl on one side anése Sbil, Mrd, Speon the
of-the-art DNA assembly methods, we designed two mulbther sidefFigure &). This enables backbone swapping with a
functional SEVA linker sequences that hbggednd four  total of 20 combinations of these enzymes. Additionally, all
additional rare restriction sites, respectivaly lot, Ast, cargo elementsnked with these linkers, are easily inserted in

C DOI:10.1021/acssynbio.5b00257
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the existing SEVA system using the outeRabstnd Spé We based our further work on the comprehensive pSEVA
sites (but violates the SEVA design rules by reustsgahe collection as a backbone acceptor series. By corning
Ast sitesFigure S)L The saturation with rare restriction sites origins of replication (0BBR!B, p15A#6, pSC10%7, pUC:
means that it should always be possibhelta suitable pair of #8, pBR322/ROP#9) and six antibiotic resistance markers
restriction enzymes for backbone swapping. In other words t@gpicillin#1, kanamycim2, chloramphenicet3, spectino-
minimizes the consequenceébofbidden sit&in the cargo.  mycin:#4, tetracycling#s, gentamycin#6), we created 30
Moreover, these unique linkers sequences make it possibléiterent backbone acceptors with the counter-selection marker
design highly speci oligonucleotides (for examples seeccdB$anked by SEVA linkers as the initial cargo.
Supporting Informatiofable S1) that anneal in these regions, T0 assay the performance of our 30 standardized plasmid
while hosting features compatible with state-of-the-art DNyRckbones in two typical, cell factory-type experimental
assembly methods such as Gibson isothermal &8sembly Ssettings, we swapped-in the four-getfieBIlYbiosynthetic
uracil excisiéh(Supporting Informaticfable S1, Figure S2). Pathway for! -carotene fronPantoea ananatiid the
Such oligonucleotides can be performance benchmarked Bifinbrane protein-encodingrK-gfpin all 30 constructs.
kept in the freezer for continuous reuse when assembling @WBIYS |ndustr|ally_relevant and a convenient model pathway
parts with these technologies. mainly due to the simple product output (orange color), b_u_t
Another recently popularized assembly method is Gold@lso because the robustness of the phenotype seems sensitive to
Gate clonind? One of the biggest advantages of Golden Gat@ cell factory design paraméfdreleed, we were unable to
cloning is that DNA can be exchanged directly fronqk?ta'n surviving colonies b_y swapping tht_e pathway into v_ectors
(compatible) plasmid stock solutions with a simple protocdlith the high-copy pUC origin of replication and we obtained
whereas a drawback is the frequent occurrence of the type!)@lY variable phenotypes when T7 polymerase was used to
restriction sites typically us@drbidden sit€ Inspired by ~ 01lvé expression from the construct in comparison with the
some of the features in Golden Gate cloning, we designed fkﬁf c|i<ilF varla_rm%ire a): Oveéall, we obsfervedha
extension to the SEVA linkers enabling backbone excha éot . etrhencrﬁ 'Q tt —cafroter_1e pro”ufct :ggrs, rotm the
with a very simple protocol directly from plasmid stock 4 ?;at%nT:bleIgSSG)San%esre%’g:gll%fﬁﬁe c?)%bir?:tii)c?r:smsiowed
Instead of type IIS restriction sites, our design uses two pair é%r toxicity and population bissces (.g., pBR322/ROP in
g:c I:rr;%trta;strt;%tlc;r:)sét;iguerﬁ dg)gé?eat éogitggu;%rénm;\go combination with chloramphenicol or pSC101 in combination
InformationFigure S3). We initially used tie.Btsnicking with tetracyclindigure 2). In contrast, the pBR322/ROP

" .. origin in combination with both ampicillin and tetracycline was
enzyme, but changedNbBbCI because the recognition site higghly performing in both exprgssion strains. )(Nith the
is 7 bp and only occurs rarely in standard sized DNfembrane protein Nafkthe variation in expression yield

constructs. Furthermore, beca_luse the mutant enzyme only Gl even more prominefitgure B); the df erence between
one strand, occurrences outside the SEVA linker will probafj¢ pighest and the lowest performing combination of parts was
not dect cloning #ciency sighéantly. This solves the i, this case an impressive 430-Blibgorting Information
forbidden site issue. ) Table S3). Generally, using tetracycline selection, gentamycin
We designed two SEVA-linkemked cargo elements, one gejection or the high copy pUC origin had a negative impact on
expressingcZand one expressigip with df erent antibiotic  narkexpression, whereas the p15A origin (low copy number)
selection markers, and checked their ability to recombine &yq spectinomycin selection seemed to positively impact the
mixing the plasmids together with the nicking enzyme a@(pression level.
plating on media with the"drent antibioticsSupporting Comparing the two"dirent test cases, small molecule and
InformationFigure S4). Ultimately, the idea is that a carg®rotein production, showcases the value of a synthetic biology
@onoplasmid should be transferred to a backhooeptd®  approach (i.e., systematic studies with standardized parts) and
plasmid at high#eiency and spécity. To this end, we provides future design guidelines and a toolbox for similar
incorporated the toxardBgené® in the backbone acceptor experiments. For example, the high copy pUC origin of
and selected recombinants by transforming constructs ingplication is likely a poor choice for anything but DNA
standard (i.e.ccdBncompatible) cloning strains with the production. The negative impact of the tetracycline selection
backbone-tieed antibiotic selectioRigure &). As an initial  may in contrast only$exct the fact that the resistance gene
proof of concept, we examiggg$anked by the two SEVA encodes a membrane protein that could compete for factors
linkers in the commercially available pCDF backboriavolved in membrane translocation important for production
(CloDF13 origin and spectinomycin resistance) transferred ¢ NarK, and thus may be a particularly poor choice for
an acceptor plasmid contairdiodBn the pACYC backbone membrane protein production. In many cases we observed clear
(p15A origin and chloramphenicol resistance). We thepopulation bias"ects by simple visual inspection on agar
observedbuorescent colonies forming on chloramphenicolplates, and the"dirent robustness of the T7- and the K1F-
containing plates with highagency Figure b). Optimization ~ based bacterial hosts highlights the value of adding promoter
of the ratio of donor and acceptor plasmids in the reactidhning as an extra dimension in the cell factory performance
increased#eciency approximately 2-fold, whereas adding Tgcreen. These observations could be supported by an array of
DNA ligase to the mixture enhancédiency more than 10- Omics studies lead to a highly informed theoretical
fold (Figure b). The optimized and simple protocol is framework for rational cell factory design.
described in detail in tf&upporting InformatiorNotably,
rather than getting it right thest time, several similar nicking
enzyme-based designs were tested dimney and spécity *  Supporting Information
before we settled on the sequence presented here (Sée Supporting Information is available free of charge on the
Supporting Informatidfigure S5). ACS Publications websiteDOI: 10.1021/acssynbio.5b00257
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Materials and Methods
Strains, media and plasmids
Escherichia coINEB5 (New England Biolabs, Ipswich, MA, USA) was used for
propagation of plasmids, backbone swapping optimization and as a general cloning
host except whek. coliDB3.1 (Thermo Fisher Scientific, Invitrogen, Waltham, MA,
USA) was used for handling otdB-containing plasmids. NEB5:T7* and
NEBS5 ::K1F! were used for -carotene production. SOC media was used as a
recovery media after transformation. Bacteria were propagated in Luria-Bertani (LB)
liquid media or agar plates supplemented with ampicillin (1@@nl), kanamycin (50
g/ml), chloramphenicol (50g/ml), spectinomycin (50g/ml), tetracycline (10
g/ml), or gentamycin (10g/ml) when required. In most cases LB media was used
for liquid cultures except for carotenoid production assessment that was accomplished

in 2! YT media supplemented with 0.5% glycerol.

Molecular biology reagents

T4 DNA ligase and restriction enzymes were purchased from Thermo Fischer
Scientific (Waltham, MA, USA). Nicking enzymes were purchased from New
England Biolabs (Ipswich, MA, USA). Plasmids were isolated using the QIAprep
Spin Miniprep Kit (Qiagen, Hilden, Germany). PCR products were purified using a
PureLink?® Quick Gel Extraction and PCR Purification Combo Kit (Life

Technologies, Foster City, USA). Buffers for PCR and cloning reactions were



purchased from Agilent Technologies (Santa Clara, CA, USA) and Thermo Fischer
Scientific (Wilmington, USA). PCR was performed with the proofreading PfuxX7

polymerase as previously described.

Plasmid constructions
SEVA linker sequences (version #1, see Supporting Information Figure S3) were
introduced into pACYCDuet-1 and pCDFDuet-1 (for references to plasmids see
Supporting Information Table S2) by amplifying the backbones with oligonucleotides
#1 and #2 (for numbering and sequences of oligonucleotides see Supporting
Information Table S1)gfp from pETDuet-1gfp with the oligonucleotides #3 and #4
andlacZ !'"from pBluescript Il KS (+) with oligonucleotides #5 and #6, followed by
assembly by uracil excision as described previotiéyhis created pACYC-sligfp
and pCDF-sligfp.

TheccdBgene was amplified from pOSIP-KT using oligonucleotides #7 and
#8 and mixed with a pACYC-sl1 fragment obtained fidmBtstdigested pACYC-
sl1gfp creating pACYC-sllecdBupon transformation intg. coli.

pCDF-sl2gfp was constructed by amplifying the vector backbonegdpd
insert from pCDF-sllgfp with oligonucleotides #9 and #10, and #11 and #12,
respectively, treating the PCR products withBtsland transforming the fragments
into E. coli. pACYC-sl2ccdBwas similarly obtained by combinirdp.Btstdigested
pACYC-sl1l-ccdBwith a backbone fragment amplified from pACY C-slddBwith
oligonucleotides #9 and #10.

pCDF-slI3gfp and pACYC-sl3ecdBwere created by amplifying the
corresponding sl2 versions with oligonucleotides #13 andgfp4yith #15 and #16,

andccdBwith #17 and #18, followed hb\it.BbvCHreatment and transformation.
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units ofNt.BbvCl Mixtures were kept at 37;C for 1 h, followed by 25;C for 15 min,
10iC for 10 min, then incubation at 0jC using a C1000 TOahermal Cycler
(Bio-Rad, Hercules, CA, USA). 2.5 U of T4 DNA ligase and buffer were added,
followed by incubation at room temperature for 15 min and storage on ice prior to

transformation.

Gibson assembly- and uracil excision-based backbone exchange

The GFP cargo was PCR amplified from pCDFgiusing the oligonucleotides

#31 and #32 for Gibson assembly and #35 and #36 for uracil excision; and the
backbone was amplified from pACYC-st8dBusing the oligonucleotides #33 and

#34 (Gibson) or #37 and #38 (uracil excision). After PDRql treatment was done

at 37;C for 40 min followed by gel purification. Insert and vector ratio of 2:1 was
applied for both methods. Gibson assembly was performed with 2X Gibson Assembly
Master Mix (New England Biolabs, Ipswich, MA, USA) following the manufacturer«s

instructions. Assembly by uracil excision was as described previbasly.

Production and relative quantification of -carotene

The NEB5 T7* and NEB5 K1F straind were used to comparecarotene

productivity in the pSEVAertEBIY series. Corresponding strains with the pathway
integrated in one copy on the genome (NEBB*::EBIY and NEB5 K1F::EBIY)

were used as reference strdit@ells were grown in!2YT media supplemented with
0.5% glycerol at 30;C for 72 hours with 300 rpm. 1 ml of each culture was harvested
by centrifugation at 13000 rpm for 5 min. After discarding the supernatant, cells were
washed once with 1 ml of water. 1 ml of acetone was added and the pellets re-

suspended vigorously by vortexing, followed by incubation at 55;C for 20 min at
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guenching effects. 22 h after induction the remaining culture was harvested,
resuspended in buffer, incubated for 2 hours and fluorescence measured as described

above.



Figure S1.lllustration of theStandard European Vector Architecture (SEVA) system
and the relationship to the SEVA linkers and plasmids described here. Left panel: In
the original SEVA system, rare restriction sites flank the three basic components:
origins of replication, antibiotic selection markers and the cargo. This basic design
enables exchange of the basic components using classical restriction enzyme
molecular cloning. Right panel: The new SEVA linkers enable simple, one-pot
backbone shuffling by introducing two multifunctional linker sequences (highlighted
in yellow and orange color) flanking the cargo in the SEVA system. In this example,
theccdBcounterselection marker is the cargo. Any cargo that is flanked by SEVA
linkers can be converted to the SEVA system by utilizing?die andSpel

restriction sites, but also by a range of other molecular cloning technologies (see main
text). The SEVA linkers violate the basic SEVA design rules by reusingsttiend
Fselsites (highlighted in blue and red font).



Figure S2.Demonstration of amplification and reassembly of SEVA linker flanked
cargo and backbone with Gibson assembly and uracil excision cloning. (a) Agarose
gel showing PCR amplified cargoes and backbones compatible with Gibson assembly
or uracil excision cloning. In the cargo, SEVA linkers flanked a transcriptional unit (a
leaky Ptrc promoter driving expressiongp). For details on the protocol see

Materials and Methods. (b) PCR-amplified cargo and backbone was reassembled with
Gibson and uracil excision cloning and plated on agar plates supplemented with the
antibiotic corresponding to the backbone selection marker. Green fluorescent colonies
demonstrate the presence of the cargo.



Figure S3.Exchange of DNA fragments using foNt.BbvClt nicking enzyme- sites

in the SEVA linkers. Yellow and orange boxes mark the ktBbvClrecognition

sites. The two three-nucleotide spacers between the two double nicking sites are
different from each other, thereby ensuring specificity and directionality in the parts
exchange. Any cargo (light blue box) of choice can replacedti®(red box)
counterselection marker.



Figure S4.Demonstration of parts exchange between two plasmids that contain
SEVA linkers. (a) lllustration of gfp expressing SEVA linker cargo in a plasmid that
confers chloramphenicol resistance, mixed withcZ expressing SEVA linker

cargo in a plasmid conferring spectinomycin resistance, leading to four different
recombinant plasmids. (b) Left panel: The two different plasmids were transformed
into NEB5 'and plated on LB agar supplemented with X-gal combined with
spectinomycin or chloramphenicol. Right panel: The two plasmids were mixed with
the nicking enzymélb.Bts| transformed into NEB5and plated on LB X-gal agar.



Figure S5.Different types of nicking enzyme-based linkers that were tested for
cloning efficiency and accuracy. Version #2 outperforms version #1 in simplicity, but
theNb.Btstbased designs generally performed poorly, probably due to the frequent
occurrence of the six-nucleotide recognition sites outside the SEVA linkers. Version
#4 likewise performed poorly, probably because the single-strand overhangs formed
by theNt.BspQIsites were too stable. Version #3 clearly outperformed the other
designs in terms of cloning efficiency and accuracy and was the preferred choice for
the SEVA linkers.



Table S1. Oligonucleotides used in this study

No. NAME SEQUENCE
1 Duet-sl1-rev ATCGCGAUCACTGCCGCGCGCGCGTCGACGGGCGCGCCGCGGCCGCTTAATTA
ACAAAATTATTTCTACAGGGGAATTGTTATCCGCTC
2 Duet-sl1-fwd AGAGCGAUCGCACTCACTGCGGCCGGCCCCTGCAGGCGCCGGCGACTAGTCCT
AGGCTGCTGCCACCGCTG
3 SIL-PtrcGEP fwd ATCGCGAUCGCTCTTCATATATCGCGATCACTGCTTGACAATTAATCATCCGGC
- TCGTATAATG
4 SI1-PtrcGFP_rev é‘_ll'_(éGCTCUTCATATATCGCGATCACTGCTTATTTGTAGAGCTCATCCATGCCAT
5 Sit-lacza fwd ATCGCGAUCGCTCTTCATATATCGCGATCACTGCACCAGTGGNTCATCTCCAAG
- CAGTGGTTCGCGCAACGCAATTAATGTGAG
AGTGCGAUCGCTCTTCATATAGTGCGATCACTGCACCAGTGCTACCTCCTGAAC
6 Sl1-lacZa_rev CAC
7 Sil-ccdB fwd ATC GCG AUC GCT CTT CAT ATATCG CGATCA CTG CTA CTA AAA GCC AGA
- TAA CAG TAT GCG TAT
8 Si1-ccdB rev AGT GCG AUC GCT CTT CAT ATA GTG CGA TCA CTG CCG GGT TAT TAT ATT
- CCC CAG AAC ATC AG
9 Nb.Btsl_SL_F (vector) ATCGCactCACTGCGGCCGGCCCCTG
10 Nb.BtsI_SL_R (vector) ATCGCgatCACTGCCGCGCGCGCGTC
11 Nb.Bts|_PtrcGFP_F ATCGCGATCACTGCTTGACAATTAATCATCCGGCTCGTATAATG
12 Nb.Bts|_PtrcGFP_R AGTGCGATCACTGCTTATTTGTAGAGCTCATCCATGCCATGTG
13 Nt.BbvCI_V_F GGTCGCCTCAGCGGCCGGCCCCTGCAGGCG
14 Nt.BbvCI_V_R GGTATCCTCAGCCGCGCGCGCGTCGACGGG
15 Nt.BbvCI_GFP_F GGATACCTCAGCTTGACAATTAATCATCCGGC
16 Nt.BbvCI_GFP_R GGCGACCTCAGCTTATTTGTAGAGCTCATCCATGC
17 Nt.BbvCI_CCDB_F GGATACCTCAGCTACTAAAAGCCAGATAACAGTATGC
18 Nt.BbvCI_CCDB_R GGCGACCTCAGCCGGGTTATTATATTCCCCAG
19 Nt.BspQ1l_V_R_U AGA AGA GCT CTT CUC GCG CGC GCG TCG ACG GG
20 Nt.BspQ1l_V_F_U AGAAGAGCGCTCTTCUGGCCGGCCCCTGCAGGCG
21 Nt.BspQ1l_GFP_F_U AGAAGAGCTCTTCUTTGACAATTAATCATCCGGC
22 Nt.BspQl_GFP_R_U AGA AGA GCG CTC TTC UTT ATT TGT AGA GCT CAT CCATGC
23 Nt.BspQ1_ccdB_F_U AGAAGAGCTCTTCUtactaaaagccagataacagtatgc
24 Nt.BspQ1_ccdB_R_U AGA AGA GCG CTC TTC UCG GGT TAT TAT ATT CCC CAG AAC ATC AG
25 Nt.BbvCI_EBIY_F GGATACCTCAGCGGATCTCGACGCTCTCCC
26 Nt.BbvCI_EBIY_R GGCGACCTCAGCGATTATGCGG
27 SL3-backbone_rev AGGTATCCUCAGCCGCGCG
28 SL3-backbone_fwd AGCTGAGGUCGCCTCAGC
29 NarK-sI3_fwd AGGATACCUCAGCTAATACGACTCACTATAGGG
30 NarK-sI3_rev ACCTCAGCUCAGTGGTGGTGG
31 SL-Gibson_ifwd TTAATTAAGCGGCCGCGGCGCGCCCGTCGA
32 SL-Gibson_irev ACTAGTCGCCGGCGCCTGCAGGGGCCGGCC
33 SL-Gibson_bbfwd GGCCGGCCCCTGCAGGCGCCGGCGACTAGT
34 SL-Gibson_bbrev TCGACGGGCGCGCCGCGGCCGCTTAATTAA
35 SL3m-Ptrc_U_F AGGATACCUCAGCTTGACAATTAATC
36 SL3m-GFP_U_R ACCTCAGCUTATTTGTAGAGCTC
37 pCDF_BB_U_F AGCTGAGGUCGCCTCAGC
38 pCDF_BB_U_R AGGTATCCUCAGCCGCGCG




Table S2. Strains and plasmids used in this study

Strain/plasmid Property Source/Reference
Strains
E. coliNEB5 fhuA2 (argF-lacZ)U169 phoA ginvV44 80 (lacZ)M15 NEB
gyrA96 recAl relAl endAl thi-1 hsdR17
E. coliDB3.1 F- gyrA462 endA1l gInV44 (srl-recA) mcrB mrr Thermo Fisher
hsdS20(, mg’) aral4 galk2 lacY1 proA2 rpsL20(Sm Scientific
xyl5 leu mtll
NEB5 ::T7* NEB5 with a T7* RNA polymease integrated (1)
NEBS5 ::K1F NEB5 with a T7*(K1F) RNA poymerase integrated 1)
BL21 (DE3) F°?ompT gal dem lon hs@®s mg) (DE3 [lacl lacUV5-  Novagen
T7 gene 1 ind1 sam7 nin5])
Plasmids
pCDFDuet-1 Cloning and expression vector} Sp Novagen
pACYCDuet-1 Cloning anexpression vector, Chn Novagen
pETDuet-1gfp Constitutively expressed GFP, Afhp (1)
pBluescript Il lacZaexpressed from lac promoter Agilent
KS(+) Technology
pCDF-sll-lacZa lacZ fragment flanked by SEVA linker verl, $p This study
CloDF13 origin from pCDFDuet-1
PACYC-sllgfp  gfpflanked by SEVA linker ver1, CBp15A origin from  This study
pACYCDuet-1
pCDF-sl2gfp gfp flanked by SEVA linker ver2, SpCloDF13 origin This study
from pCDFDuet-1
pACYC-sl2- ccdBflanked by SEVA linker ver2, CRyp15A origin This study
ccdB from pACYCDuet-1
pCDF-sI3-gfp gfp flanked by SEVA linker ver3, $pCloDF13 origin This study
from pCDFDuet-1
pACYC-sI3- ccdBflanked by SEVA linker ver3, Cfiy p15A origin This study
ccdB from pACYCDuet-1
pCDF-sl4-gfp gfp flanked by SEVA linker ver4, Sp CloDF13 origin This study
from pCDFDuet-1
pACYC-sl4- ccdBflanked by SEVA linker ver4, CRyp15A origin This study
ccdB from pACYCDuet-1
pS1J31B P. ananatiscrtEBIY operon, SP, CloDF13 origin Unpublished
pOSIP-KT P21 Integration modulecdB Km®, pUC origin (5)
pET28a- narK-gfp with T7 promoter, K, pBR322/ROP origin (6)
nark'P7-6 P7-6
pPSEVA13-sI3- ccdBflanked by SEVA linkers, Anfh pBBR1 origin This study
ccdB
pSEVA16-sI3- ccdBflanked by SEVA linkers, Amfh p15A origin This study
ccdB
pPSEVA17-sI3- ccdBflanked by SEVA linkers, Anfh pSC101 origin This study
ccdB
pSEVA18-sI3- ccdBflanked by SEVA linkers, Anth pUC origin This study
ccdB
pSEVA19-sI3- ccdBflanked by SEVAlinkers, Amfh pBR322/ROP origin  This study
ccdB
pPSEVA23-sI3- ccdBflanked by SEVA linkers, KK pBBR1 origin This study
ccdB
pPSEVA26-sI3- ccdBflanked by SEVA linkers, Kf p15A origin This study
ccdB
pPSEVA27-sI3- ccdBflanked by SEVA linkers, Kffy pSC101 origin This study
ccdB
pSEVA28-sI3- ccdBflanked by SEVA linkers, Kf pUC origin This study
ccdB
PSEVA29-s|3- ccdBflanked by SEVA linkers, KKy pBR322/ROP origin  This study



ccdB
PSEVA33-sI3-
ccdB
pPSEVA36-sI3-
ccdB
pSEVA37-sI3-
ccdB
pSEVA38-sI3-
ccdB
pPSEVA39-sI3-
ccdB
pSEVA43-sI3-
ccdB
pSEVA46-sI3-
ccdB
pSEVA47-sI3-
ccdB
pSEVA48-sI3-
ccdB
pSEVA49-sI3-
ccdB
pPSEVA53-sI3-
ccdB
pPSEVA56-sI3-
ccdB
pSEVA57-sI3-
ccdB
pPSEVA58-sI3-
ccdB
pPSEVA59-sI3-
ccdB
pSEVA63-sI3-
ccdB
PSEVA66-sI3-
ccdB
PSEVA67-sI3-
ccdB
pSEVA68-sI3-
ccdB
PSEVA69-sI3-
ccdB
pPSEVA13-sI3-
T7-crtEBIY
pSEVA16-sI3-
T7-crteEBIY
pSEVA17-sI3-
T7-crteEBIY
pPSEVA19-sI3-
T7-crtEBIY
pSEVA23-sI3-
T7-crteEBIY
pSEVA26-sI3-
T7-crteEBIY
PSEVA27-sI3-
T7-crtEBIY
PSEVA29-sI3-
T7-crteEBIY
pSEVA33-sI3-
T7-crteEBIY
pPSEVA36-sI3-

ccdBflanked by SEVA linkers, Cfy pBBR1 origin
ccdBflanked by SEVA linkers, Cfy p15A origin
ccdBflanked by SEVA linkers, Cfy pSC101 origin
ccdBflanked by SEVA linkers, Cfy pUC origin
ccdBflanked by SEVA linkers, Cfy pBR322/ROP origin
ccdBflanked by SEVA linkers, Sh pBBR1 origin
ccdBflanked by SEVA linkers, Shp15A origin
ccdBflanked by SEVA linkers, ShpSC101 origin
ccdBflanked by SEVA linkers, ShpUC origin
ccdBflanked by SEVA linkers, Sh pBR322/ROP origin
ccdBflanked by SEVA linkers, T8t pBBR1 origin
ccdBflanked by SEVA linkers, TEf p15A origin
ccdBflanked by SEVA linkers, TEt pSC101 origin
ccdBflanked by SEVA linkers, T8 pUC origin
ccdBflanked by SEVA linkers, TEf pBR322/ROP origin
ccdBflanked by SEVA linkers, Gfy pBBR1 origin
ccdBflanked by SEVA linkers, Gfy p15A origin
ccdBflanked by SEVA linkers, Gfy pSC101 origin
ccdBflanked by SEVA linkers, Gfy pUC origin
ccdBflanked by SEVA linkers, Gfy pBR322/ROP origin
crt_E_BIY operon flanked by SEVA linkers, AfippBBR1
g:tfgfrB]IY operon flanked by SEVA linkers, Afipp15A
grtgleoperon flanked by SEVA linkers, ARppSC101
g:tlgle operon flanked by SEVA linkers, Aip
pBR322/ROP origin

crt_E_BIYoperon flanked by SEVA linkers, KimpBBR1
grtgleoperon flanked by SEVA linkers, Kinp15A
(c):tgle operon flanked by SEVA linkers, KipSC101
E:)ItI%ISIY operon flanked by SEVA linkers, K
pBR322/ROP origin

crt'E_BIYoperon flanked by SEVA linkers, CinpBBR1
(c):tlglle operon flanked by SEVA linkers, Cinp15A

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study



T7-crtEBIY
pPSEVA37-sI3-
T7-crtEBIY
pSEVA39-sI3-
T7-crtEBIY
pSEVA43-sI3-
T7-crtEBIY
pSEVA46-sI3-
T7-crtEBIY
pSEVA47-sI3-
T7-crtEBIY
pSEVA49-sI3-
T7-crtEBIY
pSEVA53-sI3-
T7-crtEBIY
pPSEVA56-sI3-
T7-crtEBIY
pSEVA57-sI3-
T7-crtEBIY
pSEVA59-sI3-
T7-crtEBIY
PSEVA63-sI3-
T7-crtEBIY
pSEVAG66-sI3-
T7-crtEBIY
pSEVA67-sI3-
T7-crtEBIY
PSEVA69-sI3-
T7-crtEBIY
pSEVA13NarK/
GFP
pSEVA16-sI3-
T7-narK-gfp
pPSEVA17-sI3-
T7-narK-gfp
pSEVA18-sI3-
T7-narK-gfp
pSEVA19-sI3-
T7-narK-gfp
pPSEVA23-sI3-
T7-narK-gfp
PSEVA26-sI3-
T7-narK-gfp
pSEVA27-sI3-
T7-narK-gfp
pSEVA28-sI3-
T7-narK-gfp
PSEVA29-sI3-
T7-narK-gfp
pSEVA33-sI3-
T7-narK-gfp
pSEVA36-sI3-
T7-narK-gfp
pPSEVA37-sI3-
T7-narK-gfp
pSEVA38-sI3-
T7-narK-gfp
pSEVA39-sI3-
T7-narK-gfp
PSEVA43-s|3-

origin

crtEBIY operon flanked by SEVA linkers, CinppSC101
origin

crtEBIY operon flanked by SEVA linkers, Cin
pBR322/ROP origin

crtEBIY operon flanked by SEVA linkers, §pBBR1
origin

crtEBIY operon flanked by SEVA linkers, 8mp15A
origin

crtEBIY operon flanked by SEVA linkers, §pSC101
origin

crtEBIY operon flanked by SEVA linkers, 8p
pBR322/ROP origin

crEBIY operon flanked by SEVA linkers, TetpBBR1
origin

crtEBIY operon flanked by SEVA linkers, Tetp15A
origin

crtEBIY operon flanked by SEVA linkers, TepSC101
origin

crtEBIY operon flanked by SEVA linkers, Tet
pBR322/ROP origin

crtEBIY operon flanked by SEVA linkers, GinpBBR1
origin

crtEBIY operon flanked by SEVA linkers, Ginp15A
origin

crtEBIY operon flanked by SEVA linkers, GinpSC101
origin

crtEBIY operon flanked by SEVA linkers, Gin
pBR322/ROP origin

narK-gfp flanked by SEVA linkers, Anffh pBBR1 origin

narK-gfp flanked by SEVA linkers, Anfh p15A origin
narK-gfp flanked by SEVA linkers, Anfh pSC101 origin
narK-gfp flanked by SEVA linkers, Anfh pUC origin
naﬂ_(—gfp flanked by SEVA linkers, Amfh pBR322/ROP
22&2—]gfp flanked by SEVA linkers, K pBBR1 origin
narK-gfp flanked by SEVA linkers, Kff p15A origin
narK-gfp flanked by SEVA linkers, Ky pSC101 origin
narK-gfp flanked by SEVA linkers, Ky pUC origin
na_rl_<—gfp flanked by SEVA linkers, Kffy pBR322/ROP
2292gfp flanked by SEVA linkers, Cfh pBBR1 origin
narK-gfp flanked by SEVA linkers, Cf p15A origin
narK-gfp flanked by SEVA linkers, Cf pSC101 origin
narK-gfp flanked by SEVA linkers, Cfy pUC origin
narK-gfp flanked by SEVA linkers, Cfh pBR322/ROP

origin
narK-gfp flanked by SEVA linkers, SppBBR1 origin

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study



T7-narK-gfp
PSEVA46-sI3-
T7-narK-gfp
pSEVA47-sI3-
T7-narK-gfp
pSEVA48-sI3-
T7-narK-gfp
pSEVA49-sI3-
T7-narK-gfp
pSEVAS3 -sl3-
T7-narK-gfp
pSEVAS56 -sl3-
T7-narK-gfp
pSEVA57-sI3-
T7-narK-gfp
pPSEVA58-sI3-
T7-narK-gfp
pSEVA59-sI3-
T7-narK-gfp
pSEVA63-sI3-
T7-narK-gfp
PSEVA66-sI3-
T7-narK-gfp
pSEVA67-sI3-
T7-narK-gfp
pSEVA68-sI3-
T7-narK-gfp
PSEVA69-sI3-
T7-narK-gfp

narK-gfp flanked by SEVA linkers, Sp p15A origin
narK-gfp flanked by SEVA linkers, SphpSC101 origin
narK-gfp flanked by SEVA linkers, Sh pUC origin
nng—gfp flanked by SEVA linkers, Sh pBR322/ROP
:1)gﬂl(r-]gfp flanked by SEVA linkers, T&t pBBR1 origin
narK-gfp flanked by SEVA linkers, T8f p15A origin
narK-gfp flanked by SEVA linkers, T8t pSC101 origin
narK-gfp flanked by SEVA linkers, T8t pUC origin
na_rP_(-gfp flanked by SEVA linkers, T8f pBR322/ROP
g;ﬁl(ljgfp flanked by SEVA linkers, Gfy pBBR1 origin
narK-gfp flanked by SEVA linkers, Gff) p15A origin
narK-gfp flanked by SEVA linkers, Gfy pSC101 origin
narK-gfp flanked by SEVA linkers, Gfy pUC origin

narK-gfp flanked by SEVA linkers, Gf) pBR322/ROP
origin

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study




Table S3. -carotene and NarK production overview

Strain/pSEVA construct Resisice/origin Production (mg/L)
NEB5 ::T7* /genome 1.29
NEB5 ::T7*:Km~ Km/genome 1.30
13 Amp/pBBR1 0.64
16 Amp/p15A 1.56
17 Amp/pSC101 0.54
19 Amp/pBR322/ROP 3.69
23 Km/pBBR1 0.97
26 Km/p15A 1.37
27 Km/pSC101 0.61
29 Km/pBR322/ROP 0.38
33 Cm/pBBR1 1.24
36 Cm/p15A 1.70
37 Cm/pSC101 0.63
39 Cm/pBR322/ROP 0.31
43 Sp/pBBR1 1.54
46 Sp/pl5A 1.91
47 Sp/pSC101 1.03
49 Sp/pBR322/ROP 0.67
53 Tet/pBBR1 0.95
56 Tet/p15A 1.51
57 Tet/pSC101 0.66
59 Tet/pBR322/ROP 2.69
63 Gm/pBBR1 1.72
66 Gm/pl5A 3.16
67 Gm/pSC101 0.51
69 Gm/pBR322/ROP 0.59
NEB5 :K1F
13 Amp/pBBR1 2.58
16 Amp/p15A 3.15
17 Amp/pSC101 2.08
19 Amp/pBR322/ROP 3.03
23 Km/pBBR1 3.28
26 Km/p15A 2.72
27 Km/pSC101 2.33
29 Km/pBR322/ROP 0.43
33 Cm/pBBR1 3.46
36 Cm/p15A 2.97
37 Cm/pSC101 2.07
39 Cm/pBR322/ROP 2.36
43 Sp/pBBR1 3.41
46 Sp/p15A 3.13
47 Sp/pSC101 2.11
49 Sp/pBR322/ROP 1.83
53 Tet/pBBR1 3.51
56 Tet/p15A 3.17
57 Tet/pSC101 1.53
59 Tet/pBR322/ROP 4.10
63 Gm/pBBR1 3.31
66 Gm/pl5A 4.15
67 Gm/pSC101 1.85
69 Gm/pBR322/ROP 1.73
BL21 (DE3), 4hr
13 Amp/pBBR1 9.32
16 Amp/p15A 11.84
17 Amp/pSC101 17.21
18 Amp/puC 0.64
19 Amp/pBR322/ROP 19.43
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Km/pBBR1
Km/p15A
Km/pSC101
Km/pUC
Km/pBR322/ROP
Cm/pBBR1
Cm/p15A
Cm/pSC101
Cm/puUcC
Cm/pBR322/ROP
Sp/pBBR1
Sp/pl15A
Sp/pSC101
Sp/pucC
Sp/pBR322/ROP
Tet/pBBR1
Tet/p15A
Tet/pSC101
Tet/puC
Tet/pBR322/ROP
Gm/pBBR1
Gm/pl5A
Gm/pSC101
Gm/puC
Gm/pBR322/ROP

Amp/pBBR1
Amp/pl5A
Amp/pSC101
Amp/pUC
Amp/pBR322/ROP
Km/pBBR1
Km/p15A
Km/pSC101
Km/pUC
Km/pBR322/ROP
Cm/pBBR1
Cm/p15A
Cm/pSC101
Cm/puUucC
Cm/pBR322/ROP
Sp/pBBR1
Sp/pl5A
Sp/pSC101
Sp/pucC
Sp/pBR322/ROP
Tet/pBBR1
Tet/p15A
Tet/pSC101
Tet/puC
Tet/pBR322/ROP
Gm/pBBR1
Gm/pl5A
Gm/pSC101
Gm/puC
Gm/pBR322/ROP

5.50
6.26
3.49
0.21
0.54
8.76
10.46
1.70
7.13
10.91
9.25
9.08
11.34
11.79
1.92
2.48
2.28
4.72
0.55
0.70
2.52
5.61
2.37
1.39
3.77

24.29
26.68
36.69
0.95
21.08
15.94
35.15
11.36
0.47
0.72
22.26
34.44
2.71
0.88
42.22
91.58
78.48
32.66
57.18
3.16
9.63
9.29
27.03
0.75
0.96
35.26
25.26
5.80
5.96
23.14
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ABSTRACT

Cytochromes P450 (CYPs) are enzymes thadify several types of compounds, usually by
substrate mono-oxygenation, amde of biotechnological interest due to their ability to
perform challenging chemistry. In compamswith the membrane bound eukaryotic CYPs,
the soluble bacterial CYPs are more stalild aasier to express and purify. However, their
use as biocatalysts in tHgotechnological indusyr has not been fully explored. Marine
bacteria are emerging as a yet unexploredree of natural products, many of which are
dependent on CYP-modifications. We mined deghomes of bioactive marine bacteria and
identified 26 distinct CYP open-reading fras (ORFs). These ORFs were compared to
previously studied bacterial CYPs to identtheir phylogenetic relationships and putative
functions. Five CYPs were analyzed in mor¢adeand expressed in the model cell factories
Escherichia coliand Saccharomyces cerevisiaéxpression in yeast confirmed cytoplasmic
localization of the bacterial CYPs. Furthermones showed that codon optimized bacterial
CYPs were properly folded in yeast. To danowledge, the present study represents the first
successful mining for CYPs from marine bagtegenomes in a merger of white and blue

biotechnology.

Keywords Cytochrome P450 (CYP), Marine badal CYPs, Biotechnological potential,

Yeast expression



INTRODUCTION

Cytochromes P450 (CYPs) are a superfaraflgnzymes found in many different taxonomic
groups. These heme-thiolateot®ins bind to carbon monoxidexhibiting an absorption
spectrum at 450 nm, which is the phenomenon responsible for their designation. They use
electrons from NAD(P)H to catalyze scission of molecular oxygen and an associated protein,
the redox partner, to transfer the reducing eajents to the heme prosthetic group. CYPs
modify several substrates by mono-oxygenationl this is the most common function of

these enzymes, although other fuant have been described [1,2,3].

Several natural compounds are synthesizethicroorganisms, plants and fungi through a
plethora of chemical modificains catalyzed by CYPs [3]. Naal product synthesis includes

several unique chemical reactions, somewbfch are performed by the associated CYPs.
Therefore, understanding the mechanisms obaaif CYP enzymes, associated with natural
product synthetic clusters, will allow for catdat innovation and can be of great use in

biotechnological processes [3].

In Nature, eukaryotic CYPs are often paftmembrane-associated multi protein complexes
and their use as synthetic catalysts at an tnidliscale is hampered by this complexity as
well as their limited stability and activity whesolated [4,5]. Additionally, the requirements

for a constant supply of NAD(P)H and a redox partner are challenges in establishing CYP-
based biocatalysis. Despite these obstacles, G¥ve been successfully used in industrial
settings. For example, in yeast, the co-expoessf a CYP, its redox partner and cytochrome

b5 from plants led to high yield productiontbe antimalarial drug artemisinin [6,7].

During the last decades, CYPs have receiveceasad attention. Of the 905 total identified
CYPs in 2009, 30% were of plant origin, himese only represented 11% of total family

diversity [8]. Remarkably, bacterial CYR&counted for only 6% of the total number of



CYPs, but 18% of family diversity [8]. By August 2013, approximately 20,000 CYP
enzymes had been identified and catalogued

(http://drnelson.uthscdel/CytochromeP450.html

In contrast to eukaryotic CYPs, the bactei@yPs offer several advantages. So far, all
identified bacterial CYPs are soluble (in costreo membrane-bound) enzymes that are faster
and more stable catalysts than their eukécyoounterparts [4]. The bacterial CYPs are
usually associated with ferredoxins and ferredoxin reductases, which are used as redox
partners [9]. One of the most extensjetudied bacterial CYPs is CYP102A1 fraacillus
megaterium commonly known as BM3 [10]. BM3 is a self-sufficient enzyme, as it is fused
with a FAD/FMN reductase (differs from fedexin reductases since it has a flavin moiety
instead of iron-sulfur core), and it uses C12-Gafurated or unsaturated fatty acids as natural
substrates [11]. For several years, effortadbieve immobilization, dactor regeneration and
development of assays for CYPs have been focused on BM3 [12]. However, the major
achievements with BM3 are mostly related pitein engineering towards, in particular,
hydroxylation of BM3-unnatural substrates 13,14,15,16,17,18]Additional efforts have

been dedicated to engineering other proktcy@YPs into enzymes with the capability to
modify a broad range of substrates aimitmy exploit their unique ability to perform

challenging chemistry in biotechnological processes [19].

Soil microorganisms have been successfultplered as sources of bioactive compounds
used by the pharmaceutical and biotech indusf@®§ but the use of marine bacteria for
similar purposes is on the rise [21,22,23]. Marbacteria are believed to harbor a multitude
of novel bioactive compounds due to the unigagironmental conditions they have adapted
to, such as high pressure, high salinity, highaw temperature ooligotrophic conditions
[24,25]. Some of these bioactive compounds@ioduced by biosynthetieactions catalyzed
by CYPs, which are typically encoded in biosynitigene clusters [26]. However, there are

very few studies on marine @¢ and bioprospecting maribacteria would likely provide
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MATERIALS AND METHODS &

Strains and media&

B%%&*-0571*& 1*$2& ;"0& :%"!718& 5!12& $?/0$**7"1& 50$& % 7 SRRV BoABcHS & evisiae

*-057!& )B)CDEF& 45*& "<-57!$2& ;0"6& )$B&LEG )$2$0*$1& G™/$!.58%!& HI7#$0*7-31&
J$!I650KL+&($5*-&*-057!*&4S0SBHT4$08&7!&*3!-.$-7:&:"6/%$-$&G>'L&20"/="1-&6$275& GE+MNO&
($5*-&P7-0"8%!& Q5*$&47-.&0$9170$2& 56 71 REREPBE5=B%20%:H& R"17*I& STI&H>BLL&

"0& *-5125028& 3$5*-& /$/-"1$& 2$?-0"*$& BPA&6& GCO& 3$5*-& $?-05:-1& UO& /$/-"1$1& UO&
2$?-0"*$&;0"6&>7865=B%287:4&R"17*I1& STI&H>BL&;"0&9172841%-10$*& 5!2& 5850& /%5-$*+&
($5*-& -05!*;"065!-*& 4$0$& *$%$:-$2& "I&6SKI5& 47-."1-& -.$& 5//0"/075-$& *$%$:-7"1&
0$9170$6$!-*& :"00$*/"127!8& -"& -. $&GVR=$!:"2$2& 517"-0"/.7:& 650K$Eseherichia coli

*-057!& PVQR GP$4& V!8%5!2& Q7"%5<*1& /SBN&I&I>BL& 45*& 1*$2& ;"0& :%"17!8& 5!2&
/0"/585-7"1&";&/%5*6 7 2E+&0li *-057!& QRUC&GIVFL&GP"#58$!1&S527*"11&W,1&H>BL&45*& 1*$2&
;"0&0527"5:-7#$&%5<$%7!8&*-127$*+&"'.$67:5%%3&:"6/$-$!-& : 8H PR QRADAHIVFL&A4$0$&
10$/50$28 5*& 2$*:07<$2& $%*$4. SO/ INYB & -. $& :$%%*& 45*& U+MEEHEZH[ B&
JPB+&Q5:-$075&4$0$&/0"/585-$2&"1&R1075=Q%$0-5!7& GRQL&5850&/%5-$*& GT?"721&B%-07!:.561&
"0&%79172& U?(A&6$275& GC+MO&-03/-"1$1&TBDEIBHBELFBE5=BPORD>-+&R"17*I& STI&

H>BL& *1//%$6$!-$2& 47-.& */$:-71"63:7!& GBERLE "0& 56/7:7%%7!& GERE& 4.$!&

0$9170$2& 5!2& )."*/.5-$1& B66"1716& 5!2&%3$!"6$-.7"17!$& G)B>SL& 6$275& &

6$-.7"171$& %5<$%7!88& ";& /0"-$7*& KLIPE+&"17!$8 45*& /10:.5*$2& ;0"6& )$0K7!& V%6$0&
GW5%-.5618 S5**5:.1*$--*1& H>BL+& )%5*672*& 4$0$& 7*'%5-$2& 1*7!8& .8 BE*GAZ&/7!

_17:K)10$&\7-&GS5:.$0$3=P58%$%I1&J10"!1&a$065!3L+&



Table 1 B'#$%& (1%')1*+%(,&)(I-(.)! & 1#/&(1(#-)O!

Strains/Plasmids Property Source
Saccharomyces cerevislae
A7ABCDE! MAT lura352 trpl::GAL10-GAL4 lysB01 leu2 1 his3 200 FGH?EDI!!
pep4::HIS3 prb1 1.6R canl GAL
A7ABCDEJAK! A7ABCDE!#$%'(=38$,.)!8&#/*+%(,&)*LMNOO0.9KJAK! P/&(!(#-)0!
A7ABCDEJAC! A7ABCDE!#$%'(=38$,.)!8&#/*+%(,&)!*LMNOO0.9KJAC! P/&(!(#-)0!
A7ABCDEJAQ! A7ABCDE!#$%'(=3$,.)!8&#/*+%/(,&)*LMNO0.9KJAQ! P/&(!(#-)0!
A7ABCDEJAH! A7ABCDE!#$%'(=3$,.)!8&#/!1*+%(,&)!"*LMNOO0.9KJAH! P/&(!(#-)0!
A7ABCDEJAGH! A7ABCDE!#$%'(=3$,.)!8&#/*+%(,&)"*LMNOO0.9KJAGH! P/&(!(#-)0!
A7ABCDEJNME! ATABCDE!#$%'(=3$,.)!8&#/'*+%(,&)'"*"LMNOOQ.9KINME! P/&(!(#-)0!
A7ABCDEJRSAQHT7B! A7TABCDE!#%%'(=3$,.'8%#/&)!*LMNO0.9KIJRSAQH7B! P/&(!(#-)0!
Escherichia coli
6LNC ! fhuA2 (argF-lacZ)TBUHphoA ginV44 80 (lacZ)M15 gyrA96  6.8!L'2+%")!
recAl relAl endAl thi-1 hsdR17 N&3+%:(!
6LNC JAC! 6LNC 1#$%'(=3$,.)!18&#/!*+%(,&)*R5VIAC! P/&(!(#-)0!
6LNC JAQ! 6LNC!#$%'(=3$,.)!18&#/!1*+%(,&)*R5VJIAQ! P/&(!(#-)0!
6LNC JAH! 6LNC 1#$%'(=3$,.)!18&#/1*+%(,&)*R5VIAH! P/&(!(#-)0!
6LNC JAGH! 6LNCI#$%'(=3$,.)!8&#/1*+%(,&)*R5VIAGH! P/&(!(#-)0!
NOGB!WS5LEX! VompT gal dem lon hs@8(@, nX W5LHlacl lacTZC-PQ2.". 63;%2."!
1ind1 sam7 nin5])
NOGB!W5LEXJAC! NOGB!WS5LEX!#$98&#88:tMo(,&)*R5VJIAC! P/&(!(#-)0!
NOGB!W5LEXJAQ! NOGB!W5LEX!#$988438:+Mo(,&)!*R5VIAQ! P/&(!(#-)0!
NOGB!W5LEXJAH! NOGB!WS5LEX!#$988#88:tMo(,&)*R5VIAH! P/&(!(#-)0!
NOGB!W5LEXJAGH! NOGB!W5LEX#$B%#8%$t96(,&)*R5VIAGH! P/&(!(#-)0!
Plasmids
*LMNOO.9K! 1&2/143*0>'-,:.$10.%(#!.9*$.((&3'1;.4#3$143'#$3++.)1:01#/.! IFEBI!
2%+%4#3(.>&")-4&GALICY C1*$3,3#.$?!Gt3$&2&'13=!
$.5+&4%H#EBFRARleu2-d
*LMNOO.9KJAK! PA[@V!.9*$.((.)!=%$3,!A \7op>rsre*$3,3#.$!&'*LMNOO.9K! P/&(!(#-)0!
*LMNOO.9KJAC! PEI[@V!.9*$.((.)!=$3,!A \708>rsre*$3,3#.$!&'*LMNOO.9K! P/&(!(#-)0!
*LMNOO.9KJAQ! P7[@V!.9*$.((.)!=$3,!A \708>rsre *$3,3#.3!&'*LMNOO0.9K! P/&(!(#-)0!
*LMNOO.9KJAH! PI[@V!.9%$.((.)!=$3,!A \70B>rsre*$3,3#.$!&'*LMNOO.9K! P/&(!(#-)0!
*LMNOO.9KJAKGH! P29[@V!.9%$.((.)!=$3,!A \70B>rsrE*$3,3#.$!&'*LMNOO.9K! P/&(!(#-)0!
*LMNOO.9KINME! BM3I[@V!.9*$.((.)!=$3,!A \70B>rsre*$3,3#.$!&*LMNOO.9K! P/&(!(#-)0!
*LMNOO0.9KIJRSAQH7B!  CYP79A1@V!.9*$.((.)!=$3,!A \708>rsre*$3,3#.5!&'! P/&(!(#-)0!
*LMNOO.9K!
*R5V5-.#>B! R+3'&'21%")1.9%$.((&3'1;.4#3$?2!'4 63;%2.'!
*R5VJAC! PSI[@V!.9*$.((.)!=$3,!A pd*$3,3#.$!& *R5V5-.#>B! P/&(!(#-)0!
*R5VJAQ! P7[@V!.9*$.((.)!=$3,!A pd*$3,3#.$!&'*R5V5-.#>B! P/&(!(#-)0!
*R5VJAH! PI[@V'.9*$.((.)!=$3,!A pd*$3,3#.$!& *R5V5-.#>B! P/&(!(#-)0!
*R5VJAGH! P29[@V!.9*$.((.)!=$3,!A pd*$3,3#.$!&'*R5V5-.#>B! P/&(!(#-)0!

Genomic DNA isolation and sequencing

182/1*-$&#01 2.'3,&41 567! 8%(! .9#$%4#.)! :0! (-44(&;.) */.'3+<4/+3$3=3$,<&(3%,0+>%+43/3+!

*-$&=&4%#&3' (#.*(1 =3++38.)! :0! *$.4&*&H % H&BIBRHN0'3+?! #$.%#,.'#! 8B&#/! @6%(.?! %")! %!




















































































