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BSTRACT 

odular cloning has become a benc hmark tec hnol- 
gy in synthetic biology. Ho we ver, a notable dispar- 

ty exists between its remarkable development and 

he need for standardization to facilitate seamless 

nteroperability among systems. The field is thus im- 
eded by an overwhelming proliferation of organism- 
pecific systems that frequently lack compatibility. 
o o ver come these issues, we present Golden Stan- 
ard (GS), a Type IIS assembly method underpinned 

 y the Standar d Eur opean Vector Ar chitecture. GS 

nloc ks modular c loning applications f or most bac- 
eria, and delivers combinatorial multi-part assembly 

o create genetic circuits of up to twenty transcrip- 
ion units (TUs). Reliance on MoClo syntax renders 

S fully compatible with many existing tools and it 
ets the path towards efficient reusability of avail- 
ble part libraries and assembled TUs. GS was vali- 
ated in terms of DNA assembly , portability , interop- 
rability and phenotype engineering in α-, β-, γ - and 

-pr oteobacteria. Furthermore, we pr o vide a compu- 
ational pipeline for parts characterization that was 

sed to assess the performance of GS parts. To pro- 
ote community-driven development of GS, we pro- 

ide a dedicated web-portal including a repository of 
arts, vectors, and Wizard and Setup tools that guide 

sers in designing constructs. Overall, GS estab- 
ishes an open, standardized framework propelling 

he progress of synthetic biology as a whole. 
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RAPHICAL ABSTRACT 

NTRODUCTION 

ynthetic biology is a r esear ch field in continuous expansion 

nd increased opportunities for new industrial processes 
 1 ). Its focuses on the creation of new genetic solutions to 

ontr ol cellular pr ocesses, which is achie v ed through ratio- 
al design of transcription units (TUs) and, by extension, 
omplex biological pathways and genetic circuits ( 2 ). The 
odular and hierarchical nature of biological designs re- 
 eals ne w possibilities for the de v elopment of rational and 

tandardized mechanisms in order to improve the engineer- 
ng process of specific biological solutions. 

DN A assembl y cloning is a widely used method to build 

ynthetic genetic circuits. T raditionally , these cloning strate- 
ies were performed by digestion and ligation of DNA 

ragments (from genomic, plasmid or PCR origin), using 
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BioBricks ( 3 ) or Gibson assembly ( 4 ). However, these ap-
proaches r equir e specific designs for each step that can ham-
per complete standardization and parts reuse ( 3 , 4 ). Golden
Gate cloning is a methodology based on Type IIS restriction
enzymes and has emerged as a powerful tool for standard-
izing the assembly of genetic parts ( 5 ). A popular and stan-
dardized Golden Gate method, called Modular Cloning
(MoClo) was first de v eloped to work with plants, support-
ing fractionation of TUs into their basic parts (or le v el 0
parts): promoters, ribosome binding sites (RBS), coding se-
quences (CDS), terminators, etc. These modular elements
can be further assembled into synthetic TUs (le v el 1 con-
structs), and more complex structures, such as genetic cir-
cuits (le v el 2 constructs) ( 6 ). To accomplish this, MoClo as-
sembly combines Type IIS restriction enzymes and T4 DNA
ligase in a one-pot reaction, thus making it possible to digest
and assemble several DNA fragments sim ultaneousl y. Over-
all, Type IIS restriction enzymes are capable of cleaving any
sequence outside of their reco gnition site, w hich opens up
the possibility of designing compatible overhang ends (fu-
sion sites) ( 7 ). Ther efor e, by placing the Type IIS enzyme
recognition sites flanking le v el 0 parts it is possible to di-
gest multiple DNA fragments while simultaneously assem-
b ling ne w DNA fragments in a directional, defined orienta-
tion to form le v el 1 TUs ( 8 ). The main DNA manipulation
which is r equir ed when using MoClo technology is known
as ‘domestication’ of DNA parts and host vectors through
the elimination of relevant Type IIS restriction enzyme sites.
This simple process can be performed through PCR or by
using chemically synthesized DNA parts. 

The efficiency of MoClo technology as a cloning method
for engineering genetic constructs has been demonstrated
in a variety of di v erse organisms, including bacteria ( 9–14 ),
yeasts ( 15 ), plants ( 8 , 16 ) and mammalian cells ( 17 ) (Table
1 ). In addition, the use of MoClo as a cloning system has
seen an increase in the iGEM competition ( 13 ). Most of
the MoClo systems use Type IIS enzymes tha t genera te 4-
nucleotide overhang fusion sites. Based on the fusion sites
for le v el 0 parts described by Engler ( 8 ), BsaI has been es-
tablished as the r efer ence r estriction enzyme for le v el 0. This
common syntax and structure facilitates the construction
of reusable and interchangeable part libraries and the de-
velopment of standard protocols ( 18 ). This standardization
effort has not pre v ented the appearance of alternati v e fu-
sion site designs, thus increasing the variability of MoClo
solutions. Howe v er, this increased scope has precluded full
compatibility of the available libraries of parts and TUs cat-
egorized as le v el 0 and le v el 1, respecti v ely. This incompat-
ibility has also been augmented in some cases by the intro-
duction of Type IIS enzymes that generate 3-nt overhangs
(such as SapI) in the DNA parts, during the construction of
TUs ( 11 ), and synthetic circuits ( 16 ). 

Despite most of the available Golden Gate systems have
been specifically designed to engineer single species, new
systems targeting more than one cellular host have recently
been de v eloped. In this sense, it is worth highlighting the
JUMP ( 25 ), Multi-Kingdom ( 23 ) and SEVAtile ( 14 ) assem-
b ly systems (Tab le 1 ). JUMP assemb ly introduces a MoClo
system for prokaryotic cells based partially on the architec-
ture of SEVA vectors, thus increasing its portability. Multi-
Kingdom proposes a uni v ersal system that supports con-
struction of synthetic expression systems for both prokary-
otes and eukaryotes. Howe v er, despite the fact that it uses
a digestion / assembly system based on the alternation of
Type IIS BsaI and BpiI enzymes, it is designed to use a
unique syntax (e.g. e xclusi v e fusion sites), thus reducing its
opera tional standardiza tion by limiting the possibility to
directly exchange parts between different MoClo systems.
SEVAtile assembly also proposes a MoClo system based
on the ar chitectur e of SEVA v ectors. Howe v er, besides only
being able to construct a single transcription unit with no
possibility of including tags, it is limited by the impossi-
bility to share parts due to the unique syntax used by this
system. 

Overall, a r ecurr ent limitation and unsolved bottleneck
in available MoClo systems is the absence of a meaning-
ful community-guided de v elopment effort supporting indi-
vidual users’ contributions to expand the universe of avail-
ab le DNA parts, receptor v ectors or e v en nov el applications.
Furthermor e, ther e is also a lack of intuiti v e computational
frame wor ks to implement assembly of target TUs while pro-
viding the necessary rational, standardized and quantitati v e
support to build complex metabolic pathways. Plant and
cyanobacteria-based systems such as GoldenBraid ( 20 ) and
CyanoGate ( 12 ) were designed with an eye on partially ful-
filling these goals. Howe v er, they are clade or phyla-specific
systems. Further efforts are needed to de v elop similar sys-
tems that are able to cover a broad range of organisms. 

Despite these significant progress done in term of stan-
dardization of the physical assembly of genetic devices, im-
portant challenges arise when it comes to characterizing bi-
ological parts (such as promoters , RBSs , terminators) and
comple x de vices (such as inducib le e xpression systems and
intricate circuits). This is because the behaviour of genetic
parts ultimately depends on multiple extrinsic (environmen-
tal) and intrinsic (host) variables that influence their perfor-
mance ( 27 ). Extrinsic variables, such as temperature and / or
carbon source cause differences regarding absolute activ-
ities while maintaining its relati v e behaviour ( 28 ). How-
e v er host-dependent variab les ar e much mor e unpr edictable
( 29 ). Compounding the problem, there is a lack of widely
accepted methods for parts characterization, and often the
methods employed are inaccessib le, highly subjecti v e, and
have low reproducibility. As a result, the behaviour of a sin-
gle part can vary from one laboratory to another, greatly
hindering pr edictability. Consequently, ther e is a need for
concerted efforts towards standardizing and improving the
accessibility of part characterization methods. 

Her e, we pr esent Golden Standard (GS), a standard-
ized modular cloning technology that unifies and harmo-
nizes available methods by extending the MoClo approach
to a wide range of bacteria. This allows portability of
the resulting final vectors for use in di v erse microorgan-
isms. Golden Standard adheres to SEVA standards, allow-
ing not only modularity in the assembly process, but also
modularization of the host vectors, thus resulting in a sig-
nificant scope expansion. We provide additionally an ob-
jecti v e and user-friendly computational workflow for the
proper characterization of DNA parts. In order to facili-
tate widespread adoption and future community-dri v en de-
velopment of GS, a w e b portal featuring the GS database,
protocols and tutorials is available to make GS accessible



PAGE 3 OF 16 Nucleic Acids Research, 2023, Vol. 51, No. 19 e98 

Table 1. MoClo systems and microorganisms when hav e been e xperimentally tested 

Name Organism 

Compatible 
with SEVA 

Parts 
compatible 
with GS Max. parts assembled in TUs Max. TUs Ref. 

MoClo Plants No Yes 8 (Prom, RBS, N-tag x2, CDS, C-tag 
x2, Ter) 

17 ( 6 , 8 , 19 ) 

Golden Braid Plants, Fungi, 
Animalia 

No Yes 11 (Prom, RBS, N-tag, CDS, C-tag, 
linker x5, Ter) 

N.D. a ( 20 , 21 ) 

CIDAR E. coli No Yes 4 (Prom, RBS, CDS, Ter) 4 ( 9 ) 
EcoFlex E. coli No No 5 (Prom, RBS, N-tag, CDS, Ter) 20 ( 10 ) 
Mobius assembly E. coli No Yes 10 (Prom, RBS, N-tag, CDS, C-tag, 

linker x4, Ter) 
N.D. a ( 22 ) 

Midas Fungi No Yes 3 (Prom, CDS, Ter) N.D. a ( 15 ) 
Start-Stop 
assembly 

E. coli No No 4 (Prom, RBS, CDS, Ter) 15 ( 11 ) 

Cyano Gate Cyanobacteria No Yes 7 (UpNeutral sites x2, Prom, CDS, 
Ter, DownNeutral sites x2) 

4 ( 12 ) 

Multi-Kingdom Fungi, Eubacteria, 
Protista, Plants, 
Animalia 

Yes No 6 (Prom, RBS, N-tag, CDS, Ter, 
linker) 

5 ( 23 ) 

uLoop Diatoms, yeast, 
plants, bacteria 

No Yes 4 (Prom, RBS, CDS, Ter) N.D. a ( 24 ) 

JUMP E. coli and 
Pseudomonas 

Yes Yes 6 (Prom, RBS, N-tag, CDS, C-tag, 
Ter) 

N.D. a ( 25 ) 

The Marburg 
Collection 

V. natriegens No Yes 6 (Prom, RBS, N-tag, CDS, C-tag, 
Ter) 

25 ( 13 ) 

SEVAtile Pseudomonas Yes No 6 (Prom, RBS, CDS, Ter, RBS, Ter) 1 ( 14 ) 
Golden Standard Proteobacteria and 

Actinomyces 
Yes N.A. b 8 (Prom, RBS, N-tag x2, CDS, C-tag 

x2, Ter) 
20 This work, 

( 26 ) 

Abbreviations: Prom, promoter; RBS, ribosome binding site; N-tag, N-terminal tag; CDS, coding sequence; C-tag, C-terminal tag; Ter, terminator. 
a N.D.: not defined. 
b N.A: not applied. 
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o non-experts in modular cloning ( http://sysbiol.cnb.csic. 
s/GoldenStandard/home.php ). 

ATERIALS AND METHODS 

dditional materials and methods are available in the Sup- 
lementary Information SI pdf file. 

acterial strains and plasmid construction 

sc heric hia coli DH5 � and DH10B were used for all DNA 

ssembly, unless otherwise stated while E. coli W (ATCC 

637) was used for GS characterization. E. coli strains were 
 outinely gr own on LB agar or in LB broth with shaking at
70 rpm at 37 

◦C. Pseudomonas putida KT2440, Agrobac- 
erium tumefaciens DSM 30150, Sphingobium sp. SYK-6, 
upriavidus metallidurans CH34 and Par az oarcus commu- 
is were grown on LB agar or in LB broth with shak- 
ng at 170 rpm at 30 

◦C. Geobacter sulfurreducens DSM 

2127 was grown anaerobically in MC medium ( 30 ) supple- 
ented with fumarate (40 mM), acetate (15 mM), sodium 

elenate (100 �M), yeast extract (0.001%) and cysteine (5 

M) a t 30 

◦C . Media was supplemented with ampicillin 

100 �g ·ml −1 ), kanamycin (50 �g ·ml −1 , 250 �g ·ml −1 for
eobacter sulfurreducens and 1250 �g ·ml −1 for Cupriavidus 
etallidurans CH34), gentamicin (10 �g ·ml −1 ) or strep- 

omycin (75 �g ·ml −1 ) as r equir ed. For PHB production 

n E. coli , LB was supplemented with glucose (10 g ·L 

−1 ) 
nd inoculated at OD 600 0.3 from an overnight culture of 
D 600 ∼3. These cultures were grown for 24 h at 37 

◦C 

nd 200 rpm. Growth was monitored by measuring opti- 
al density at 600 nm (OD 600 ) using a portable spectropho- 
ometer (ThermoFisher Scientific). The le v el 1 host vec- 
ors were constructed by standard cloning methods (Sup- 
lementary Table S1). Briefly, MoClo fragments were am- 
lified by PCR using primers with BpiI and BsaI sites 
nd using the reporter LacZ � as DNA template (Sup- 
lementary Table S4). The PCR product was blunt lig- 
ted into pSEV A281, pSEV A23g1 and pSEVA221 plasmids 
igested with SmaI to divide the multicloning site into 

 pr efix (P acI-SmaI) and a suffix (BamHI-SpeI). To re- 
ove a BpiI site from the pBBR1 origin of replication, 

BBR1 was amplified in two fragments using the oligo pairs 
pBBR1 1–3pBBR1 1 and 5pBBR1 2–3pBBR1 2 that in- 
lude overlapping regions with a single nucleotide muta- 
ion to eliminate the BpiI site. The two PCR products 
hen served as a template for overlap extension PCR to 

ener ate a fr agment containing the domesticated origin of 
eplication (3 g oriC in SEVA nomenclature). This frag- 
ent was used as pBBR1 origin of replication. Le v el 2 

nd le v el 3 host v ectors were constructed following the 
ame method used for the le v el 1 vectors (Supplementary 

able S1). 

onstruction of level 0 parts 

ragments were amplified by PCR, oligonucleotide an- 
ealing or by chemical synthesis while introducing silent 
 utations (w hen a ppropria te) to elimina te restriction en- 

yme sites used in the assembly system. If subsequent tradi- 
ional restriction enzyme cloning is planned, restriction sites 
resent in the SEVA backbone were also removed. Further 

http://sysbiol.cnb.csic.es/GoldenStandard/home.php
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details can be found in the supplementary materials and
methods. 

Modular assembly protocol 

Assembly r eactions wer e set up using 40 fmol of each
donor plasmid part, 200 U T4 ligase (NEB), 10 U BsaI-
HFv2 (NEB) for assembly into levels 1 and 3 or 10 U BpiI
(Thermo Scientific) for assembly into levels 2 in 20 �l 1 × T4
ligase buffer (NEB). The reaction condition was: 28 cycles
of 37 

◦C 1.5 min plus 16 

◦C 3 min, then 50 

◦C 5 min, 37 

◦C
5 min and 80 

◦C 10 min. Finally, E. coli DH5 � or DH10B
were transformed with the mix reaction and plated on LB
agar with antibiotic plus 40 �g / ml X-Gal and incubated at
37 

◦C overnight. White colonies were selected and screened
by DNA sequencing. 

Proteobacteria tr ansf ormation by electropor ation 

2 mm gap electroporation cuvette and 200 ng of reporter
plasmids were used in all the electroporations. Sphingobium
sp. strain SYK-6, Agr obacterium tumef aciens , Par az oarcus
communis , Esc heric hia coli W and Pseudomonas putida were
transf ormed f ollowing the Choi et al. protocol ( 31 ). Cupri-
avidus metallidurans CH34, Geobacter sulfurreducens were
transf ormed f ollowing the Coppi et al. protocol ( 32 ) with
modifications. Briefly, cells were washed 3 times with elec-
tropora tion buf fer (1 mM HEPES [pH 7], 1 mM MgCl 2 , 175
mM sucrose) and resuspended in the same buffer with 100
�l. After a ppl ying a pulse (2.5 kV on an Eppendorf Epora-
tor). Cupriavidus cells were incubated for 2 h while Geobac-
ter cells were incubated for 5 h to recovering. 

Polyh y dro xybutyr ate (PHB) quantification and monomer
composition 

PHB monomer composition and PHB content were de-
termined by gas chromato gra phy–mass spectrometry (GC–
MS) of the methanolysed polyester ( 33 ) (see supplementary
material and methods for details). 

Analysis of expression of level 1 N- and C-tagged OleD glu-
cosyltr ansfer ase 

E. coli were electroporated with a series of le v el 1 OleD GT
vectors with different N-terminal purification tags and / or
C-terminal GFP (see supplementary information, Table
S2). Isolated clones were used to inoculate 1 ml (mixed as-
sembly) or 25 ml (individual assemblies) of LB broth sup-
plemented with kanamycin and cultured overnight at 37 

◦C
with shaking at 120 rpm. Cultures were subsequently har-
vested at 4000 × g for 30 min and cell pellets were resus-
pended in 0.5 ml (mix) or 5 ml (individual) of lysis buffer (30
mM Na phosphate pH 8.0, 300 �g / ml lysozyme), sonicated
(2.5 min, amplitude 80%, 5 s pulse and 5 s pause) and cen-
trifuged 20 000 × g for 30 min a t 4 

◦C . The resulting super-
natant was directly used in further analysis of protein con-
centration (indi vidual assemb lies), fluorescence, glucosyl-
tr ansfer ase acti vity, SDS-PAGE (indi vidual assemb lies) and
protein purification (individual assemblies, N-His 6x version
only). Protein concentration was evaluated by Bradford as-
say using BSA as the r efer ence for calibration ( 34 ). Fluores-
cence was measured using a Cary Eclipse Varian fluorime-
ter with unmodified OleD cell free extract (CFE) as a ref-
erence. Glucosyltr ansfer ase relati v e acti vity was e valuated
via quick HPLC assa y (f or details of sample preparation,
product and analytical procedure see supplementary infor-
mation), using 100 �L of CFE in a sodium phospha te buf fer
(pH 8.0, 30 mM) supplemented with 0.05 mM xanthohu-
mol (10 �l of DMSO stock solution) as glucose acceptor
and 0.1 mM UDP-Glucose as glucose donor in a final reac-
tion volume of 1 ml for 20 min at 30 

◦C and 800 rpm using
a Thermoshaker (Eppendorf). CFE used to test individual
assemblies were diluted to an exact protein concentration
of 50 �g / ml. IMAC protein purification was performed on
a GE Healthcare His SpinTrap column following the man-
ufacturer’s instructions. SDS-PAGE was performed using
standard conditions with Laemmli dena turing buf fer, pre-
cast TGX gels (Bio-Rad) and Broad Range Protein Marker
(New England Biolabs). 

Expression and purification of level 1 2xN- and 2xC-tagged
protein 

P. putida was electroporated with Lv1 pSEVA23g19g1-His-
RFP-GST-HRV3C-GFP-Strep vector (see supplementary
information, Table S3). One ‘red’ isolated clone was used to
inoculate 300 ml of LB broth supplemented with kanamycin
and cultured for 24 h at 30 

◦C with shaking at 120 rpm.
Culture was harvested at 4000 × g for 30 min and cell pel-
let was resuspended in 30 ml of standard His-tag binding
buffer with lysozyme (300 �g / ml lysozyme), sonicated (2.5
min, amplitude 80%, 5 s pulse and 5 s pause) on ice and
centrifuged 20 000 × g for 30 min at 4 

◦C. The supernatant
was directly used for IMAC protein purification using 5 ml
His-trap column (GE Healthcare, UK) following the stan-
dard product protocol. 10 ul of HRV-3C protease (Sigma-
Aldrich) was added to 12 ml of combined eluted fractions
that ‘glow’ under UV light, and left overnight at 4 

◦C for
digestion. Resulting mixture was directly used in another
round of protein purification using 5 ml Strep-Trap column
(GE Healthcare, UK) following the manufacturer’s instruc-
tions. SDS-PAGE was performed using standard condi-
tions with Laemmli dena turing buf fer, 12% polyacrylamide
gel, Coomassie staining and Precision Plus Protein Marker
(Bio-Rad). 

P arts char acterization and analysis 

Plasmids used are listed in Supplementary Table S3. Each
plasmid was introduced into E. coli W and P. putida by
electroporation except for the inducible promoter plasmids,
which were introduced in P. putida by triparental mating
(using E. coli HB101 harbouring pRK600 plasmid as the
mating helper) and selected on cetrimide-agar. Recombi-
nant strains were grown in LB agar plates, followed by
overnight pr ecultur es of 10 ml M9 minimal medium ( 35 )
supplemented with 34 nM EDTA and using 0.2 % (w / v)
glucose as carbon source (M9 + Glu). Overnight precul-
tur es wer e diluted to 0.2 OD 600 and grown in 20 ml of
M9 + Glu until mid-exponential phase (0.6–0.8 OD 600 ).
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ells were collected, washed with saline solution (NaCl 
.85%) and adjusted to 0.2 OD 600 in fresh M9 media with 

.2 % (w / v) succinate as C-source (M9 + Suc). 200 �l of
hese cultur es wer e grown in 96-well pla tes (black, clear fla t-
ottom from Greiner Bio-One) for 24 h ( P. putida ) or 48 h
 E. coli W) in a Victor NiVo plate reader (PerkinElmer, MA, 
SA) recording OD 600 and fluorescence each 30 min with 

n orbital shaking step each 15 min. 580 and 625 nm filters 
ere used for excitation and emission of mRFP1, respec- 

i v ely, with 500 ms exposure. 480 and 530 nm filters were 
sed for GFPmut3, with 100 ms exposure. 
For inducible promoters, 100 �l of adjusted 0.4 OD 600 

ultur es wer e diluted with another 100 �l of M9 + Suc 
upplemented with adequate concentration of induc- 
rs. Stock solutions of the inducers Isopropyl ß- D -1- 
hiogalactopyranoside (IPTG), L -rhamnose and m -toluic 
cid were prepared in H 2 O a t concentra tions of 1 M or 0.5
 for m -toluic acid. 
Part activity was computed using Python (v3.8.5) 

ustom scripts available at ( https://github.com/SBGlab/ 
oldenStandardDataset ) together with the datasets ob- 

ained. Briefly, for each experiment raw absorbance data 

as normalized by subtracting the mean of at least 3 wells 
ontaining media only. Then, the experimental data points 
efining the time window of two doubling times at maximal 
rowth rate were computed. Part activity was defined as the 
verage of (dRFP / d t ) / OD within the calculated window. 
he average activity resulting fr om contr ol strains was sub- 

racted for background auto-fluorescence normalization. 
or terminators, the ratio between the activity obtained for 
FP and RFP is reported. For inducible promoters, ob- 

ained activities were fit to Hill equation using GraphPad 

rism software v7.04 (San Diego, CA, USA). A detailed de- 
cription of part activity computations can be found in the 
upplementary materials and methods. 

ESULTS 

olden Standard features, transcription units and circuit as- 
emblies 

S is a fle xib le synthetic biology tool for modular cloning 

ased on PhytoBricks parts ( 6 ). In addition, GS adopts the 
tandar dized v ector structure provided by SEVA ( 36 ). As 
ith other Golden Gate-based DN A assembl y systems, GS 

s based on the hierarchical assembly of functional DNA 

arts into increasingly complex genetic circuits using recep- 
or vector levels 0 to 3. 

To build the basic le v el 0 parts (promoters, RBS, CDS, 
er minators, N-, and C-ter minal ta gs), DNA fra gments can 

e created by PCR amplification, oligonucleotide anneal- 
ng, or by chemical synthesis. Irrespecti v e of the method 

sed to generate the DNA fragment, the sequence must be 
omesticated in order to eliminate BsaI and BpiI recog- 
ition sites. It is also strongly recommended to eliminate 
he restriction sites that define the different modules of the 
EVA vectors ( 37 ) if further traditional cloning steps are en- 
isioned. GS le v el 0 parts were cloned into the acceptor vec-
or pSEVA182 linearized with SmaI to facilitate blue-white 
election of positi v e clones. Furthermore, parts from other 

oClo systems with the same fusion site syntaxes can be 
sed directly as GS parts, including le v el 0 parts from Mo- 
lo ( 6 , 8 ), CIDAR ( 9 ), Mobius ( 22 ), CyanoGate ( 12 ) and
arburg Collection ( 13 ) (Table 1 ), see below. 
GS le v el 0 parts are flanked by BsaI restriction sites with 

nique 4-nucleotide fusion sites, labelled A to I depending 

n their category (Figure 1 ). By conca tena ting compa tible 
usion sites, multiple parts can be assembled in order to cre- 
te customized TUs (Figure 1 ). By using a one-pot restric- 
ion and ligation r eaction, corr ectly assembled parts lose the 
saI site while re-ligated fragments are re-cleaved again in 

ach ne w cy cle. Once the le v el 0 parts are assemb led into
Us, no BsaI sites remain in the final le v el 1 construct, thus
chieving highly efficient assembly ( ≥95%, Figure S1). Ba- 
ic functional GS le v el 1 TUs are made up of four le v el 0
arts: promoter, ribosomal binding site (RBS), coding se- 
uence (CDS) and terminator, assembled within a le v el 1 

ost vector between fusion sites A to I, and using the com- 
ination of fusion sites A-B, B-D, D-G and G-I (Figure 1 ). 
o assemble more complex TUs requiring additional func- 
ional parts, such as signal peptides, anchors or tags, there 
re four additional positions available: two for N-terminal 
C and E) and two for C- terminal (F and H) additions that 
an be used to deli v er the final construct between the fusion 

ites A to I (Figure 1 ). Overall, up to eight level 0 parts can
e combined and assembled into different le v el 1 receptor 
ectors, see below. 

Depending on the future position of the TUs in more 
omplex cir cuits, ther e ar e six le v el 1 receptor v ectors avail-
ble (Figure 2 ). Additionally, we also created special le v el 1 

ost vectors with inverted I to A fusion sites to construct 
Us with the opposite transcription orientation. We ini- 

ially included three sets of le v el 1 host v ectors cov ering
 large range of origins of replication, RK2, pBBR1 and 

UC for low, medium and high copy number plasmids, re- 
pecti v ely (Supplementary Tab le S1). The broad range of 
rigins of replication (RK2 and pBBR1) provide compat- 

bility within proteobacteria, thus providing a significant 
dvantage with respect to other MoClo systems ( 9–11 , 22 ). 
e v el 1 host vectors contain a kanamycin resistance cas- 

ette. Flanking the BsaI sites in le v el 1 constructs there are 
dditional type IIS BpiI sites to allow subsequent assembly 

f multiple TUs in le v el 2 host vectors (Figures 2 and 3 ). 
Fi v e le v el 2 v ectors are availab le, thus supporting assem-

ly of up to six TUs. The assembly of level 2 constructs is 
ri v en in a fixed and directional order through the fusion 

ites generated by BpiI digestion numbered 1 to 7 (Figures 
 and 3 ). The choice of the final le v el 2 host vector will de-
end on the number of transcription units to be assembled 

n the final construct. In contrast to other MoClo systems 
ith a single le v el 2 receptor v ector that r equir e linker parts

o fill empty positions, the library of le v el 2 vectors provided 

y GS significantly increases assembly efficiency by avoid- 
ng the use of extra adapters. The level 2 host vector collec- 
ion includes plasmids with RK2, pBBR1 and pUC origins 
f replication and the gentamycin resistance cassette in or- 
er to facilitate selection (Supplementary Table S1). These 
ectors also contain BsaI sites external to the BpiI sites in 

rder to allow fusion of multiple transcription units into 

e v el 3 host vectors (Figures 2 and 3 ). We constructed four
e v el 3 host vectors containing BsaI fusion sites to assem- 
le between seven and twenty TUs using the appropriate 

https://github.com/SBGlab/GoldenStandardDataset
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Figure 1. Golden Standard fusion sites. Modules can be combinatorically assembled into a level 1 host vectors to make a transcription unit. 

Figure 2. Structure and nomenclature of GS pSEVA v ectors (Supplementary Tab le S1). Following SEVA nomenclature, GS pSEVA vectors are named 
by 3 digits where the first number denotes the antibiotic resistance marker (blue), the second number identifies the origin of replication (orange), and the 
third number identifies the cargo (green). Golden Standard cargo is denoted with the number 19. In addition, v ector le v el 1 (Lv1) receptors, le v el 2 (Lv2) 
receptors and le v el 3 (Lv3) r eceptor ar e named with the letter g followed of numbers, capital letters and Gr eek letters, r especti v ely. The position of the 
fusion sites (FSs) of each specific vector and the basic structure of the cargos of each type of receptor vector (Lv1, Lv2 and Lv3) is indicated. Sequences of 
the BsaI FSs (blue) and BpiI FSs (red) are shown in the right tables. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

linkers, all of them featuring the kanamycin resistance cas-
sette (Figure 2 ). 

In addition, all receptor vectors (levels 1–3) include lacZ -
alpha fragment gene for easy selection in E. coli cloning
strains, and the SEVA multicloning site divided into a prefix
(PacI to SmaI sites) and suffix (BamHI to SpeI sites) flank-
ing the MoClo cargo, thus allowing further pathway / circuit
modifications by traditional restriction enzyme cloning
(Figure 2 ). GS cargo has been assigned as number 19 fol-
lowing SEVA nomenclature (Figure 2 ) ( 36 ). 

To increase the flexibility and reusability of GS, we addi-
tionally created linker DNA parts (short non-coding DNA
sequences) that can be used to de-functionalize any le v el 0
part, le v el 1 TU and le v el 2 circuits. The linkers are avail-
able as level 0 / 2 (BsaI and their corresponding fusion sites)
and le v el 1 (BpiI and their corresponding fusion sites). The
inclusion of multiple linkers allows the construction of poly-
cistronic circuits (by replacing promoters and / or termina-
tors) and the generation of genetic circuits of up to twenty
transcription units, among other applications (a detailed
protocol describing the construction of these complex cir-
cuits is provided in the supplementary materials and meth-
ods, Figure S2). 

GS is initially launched with a library of: (i) six constitu-
ti v e and four inducible promoters; (ii) four mono and two
bicistronic RBSs; (iii) se v en N-terminal and fiv e C-terminal
tags; (iv) two widely used CDS such as fluorescent reporter
genes and a protease target sequence peptide; (v) six ter-
minators; (vi) 15 linkers for construction of TUs and as-
semb ly of le v el 2 and 3 circuits; (vii) three preassembled
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Figure 3. Hierarchy and graphical description of Golden Standard assembly. Hierarchy of Golden Standard assembly ranges from basic DNA parts (le v el 
0), which are assembled to generate transcription units (le v el 1), which in turn can be assembled into more complex genetic circuits (level 2 and level 3). 
A Golden Standard reaction consists of a series of restriction / ligation cycles, whose operation is the same, regardless of the le v el under construction. 
Restriction steps release the genetic features flanked by the corresponding Type IIS enzyme (BsaI or BpiI), and removes the lacZ gene from the receptor 
vector. Ligation steps assemble the genetic features in a pre-defined order into the receptor vector. 
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ranscription factors in order to allow the use of inducible 
romoters and (viii) a collection of 41 host vectors. The 

ist of 96 available plasmids for distribution (including re- 
eptor plasmids and parts) can be found in Supplemen- 
ary Table S1. To validate the feasibility and functional- 
ty of GS we successfully assembled in the 20 TUs le v el
 pSEVA23g19[g �] vector a complex and functional cir- 
uit expressing the gfp and rfp genes under the control of 
haSR / PrhaBAD and XylS / Pm, respecti v ely (Supplemen- 
ary Figure S3). 

xpanding vector portability, bacterial hosts and gene expres- 
ion control through Golden Standard assembly 

ortability is the capability to exchange biological parts 
cross organisms regardless of the origin of the DNA se- 
uence. In the frame of synthetic biology and DNA as- 
embly, portability is one of the key features allowing part 
eusability ( 38 ). Among other benefits, portability allows 
aving the vast effort r equir ed to generate and characterize 
arts for each individual organism. Despite the large effort 
o make highly portable libraries of DNA parts in the con- 
ext of MoClo systems, libraries of receptor vectors suitable 
or use in a broad range of bacterial hosts are just starting 

o be de v eloped ( 23 , 39 ). 
By adopting SEVA standards GS supports, at least the- 

retically, the expansion of MoClo approaches to most of 
ram negati v e bacteria including the whole group of Pro- 

eobacteria ( 37 ). This is especially important as many of 
hese bacteria currently lack efficient and standardized ge- 
etic tools ( 40 , 41 ). To validate the portability of the GS
ystem, we constructed a TU that expressed the reporter 
ene gfp under the control of the constituti v e Pem7 pro- 
oter. This TU was then integrated into receptor vec- 

ors with varying origins of replication, including RK2, 
BBR1, and pUC, which allowed for an increase in the copy 

umber of the assembled TU. We then tested the perfor- 
ance of these expression plasmids monitoring the fluo- 

escence in proteobacteria including Alpha- (i.e. Agrobac- 
erium tumefaciens and Sphingobium sp. Strain SYK-6), 
eta- (i.e. Cupriavidus metallidurans CH34 and Parazoar- 
us communis ), Gamma- (i.e. E. coli W and Pseudomonas 
utida ) and Deltaproteobacteria (i.e . Geobacter sulfurre- 
ucens ) (Figure 4 ). As expected, the constructed broad spec- 
rum plasmids were found to be interchangeable among all 
he tested strains. In the majority of the cases the expression 

rofiles aligned with the anticipated number of copies con- 
erred by each origin of replication ( 42 ). An interesting ex- 
eption was observed in C. metallidurans , where both RK2 

nd pBBR1 displayed similar fluorescence le v els suggest- 
ng similar copy numbers. Significantly, we observed that 
he absolute fluorescence le v els were largely influenced by 

he host organism. Specifically, A. tumefaciens exhibited the 
ighest fluorescence le v els, while P. communis showed con- 
iderably lower fluor escence. These r esults clearly demon- 
trate the host-dependent expression of GFP, regardless of 
he plasmid used, emphasizing the influence of the biologi- 
al context on the performance of genetic devices, as previ- 
usl y demonstrated ( 29 ). Consequentl y, precise monitoring 

f the performance of specific parts , TUs , and / or circuits in
he desired bacterial chassis necessita tes accura te measure- 
ents. Criticall y, GS largel y facilitates this important task 

n synthetic biology. 

olden Standard offers a set of well-characterized DNA 

arts 

s above mentioned, a major cornerstone in synthetic biol- 
gy is the lack of a widely accepted and accessible method 

or parts characterization which limit predictability. Golden 
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Figure 4. Portability of Golden Standard assembly in Proteobacteria. GFP fluorescence of cells carrying plasmids with RK2 (red), pBBR1 (blue) or pUC 

(green) origins of replication. Negati v e control is shown in black. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Standard addresses this is issue by offering a complete
catalogue of well-characterized parts using a highly re-
producible and unbiased computational workflow under
FAIR principles. To highlight the context-dependency, we
characterized GS parts in model ( E. coli ) and non-model
( P. putida ) bacteria (Supplementary Figure S4). Regarding
constituti v e promoters, GS combines selected promoters
from two well-known libraries: Anderson (J23100, J23102,
J23106) ( 9 ) and Zobel’s (Pem7, BG17, BG37) ( 43 ) collec-
tions. We found an e v enly stepped 42-fold activity range be-
tween the promoters tested in E. coli W while in the case
of P. putida , 10-fold activity range were obtained (Figure
5 A). Interestingly, we found that Anderson’s promoters ex-
hibited higher activity in P. putida , whereas Zobel’s promot-
ers showed greater activity in E. coli. These results evidence
tha t while rela ti v e acti vities ar e pr eserved among promoter
families, they can operate at completely different scales in a
host-dependent manner from different collections. 

Regarding the inducible systems characterization, we
analysed the dynamic behaviour of three well-known in-
ducib le e xpression systems included in GS: LacI / Ptrc,
RhaSR / PrhaBAD, and XylS / Pm (Figure 5 B). We screened
the inducer effect spanning six orders of magnitude (from
1 to 100 mM) and the resulting activities data were used
to fit a Hill equation function. Every construction was as-
sembled using Golden Standard’s set of RK2 oriC low-copy
vectors to avoid metabolic burden. We noticed a growth de-
ficiency when adding the highest concentration of IPTG, as
well as for 10 and 100 mM of m -toluic acid in P. putida ,
and so was the case for 100 mM of m -toluic acid in of E.
coli W. Similarly, we observed a significant host-dependent
perfor mance in ter ms of maximal expression, EC50 values,
dynamic range, and operational range. 

We next evaluated the performance of mono- and bi-
cistronic RBSs in both strains. As it could be anticipated,
the bicistronic BCD2 and BCD12 RBSs exhibited signifi-
cantly higher acti vities. Note worthy, we observ ed more ho-
mogeneous ranges of activities across hosts, with approx-
imately 15- and 9.5-fold differences observed for P. putida
and E. coli W, respecti v ely (Figure 5 C). Finally, we asset the
performance of synthetic (T500, B1006, B0014) and natu-
ral ( rnpB, rpoC ) terminators as part of GS. We also found
a large host-dependence. The maximum termination effi-
ciency for P. putida was achie v ed the by rpoC terminator,
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Figure 5. Characterization of GS parts in E. coli W and P. putida KT2440. GS constituti v e promoters ( A ), inducible expression systems ( B ), RBS ( C ) and 
termina tors ( D ) characteriza tion. For promoters and RBS , a bsolute part activity values are gi v en. Inducib le e xpr ession systems parameters wer e computed 
using Hill’s equation, where y max is maximum activity, EC50 is half maximal effective concentration, DR is dynamic range, and OR is operational range. 
For termina tors, ef ficiency was measured by computing the ra tio of GFPmut3 / mRFP1 and nor malizing it to a non-ter mina tor linker (0% ef ficiency). Each 
point r epr esents a single r eplicate well fr om two independent experiments. Err or bars indicate standar d de viation. 
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hich showed a 63.4% termination efficiency. For E. coli 
, the synthetic terminator T500 reached a 68.1% termi- 

a tion ef ficiency, howe v er reaching only 36.6% in P. putida 

Figure 5 D). 
Ov erall, our results e vidence how the same genetic ele- 
ents completely change their performance depending on 

he microbial chassis, highlighting the importance of char- 
cterizing parts in different biological contexts. In this re- 
ard, GS provides an unprecedented toolset for conducting 

uch analyses across a wide variety of bacterial species. 

olden Standar d pro vides high interoper ability with av ailable 
oClo systems 

n addition to porta bility, interopera bility and compatibil- 
ty with existing systems becomes an essential feature of any 
enetic device when it comes to fostering the community- 
ri v en de v elopment of increasingly complete platforms. 
hese features play a crucial role in promoting the reusabil- 

ty of parts and plasmids, enabling r esear chers to build upon 

xisting r esour ces and expand the capabilities of synthetic 
iology platforms. In order to validate the compatibility 

f GS with a well-known Golden Gate system based on 

tandard syntax of fusion sites, we constructed a complex 

iosynthetic pathway using the r epertoir e of parts and le v el
 vectors from the original MoClo system ( 6 ) and the li- 
rary of GS le v el 2 v ectors which provide e xtra fle xibil-

ty in terms of receptor vectors. Specifically, we addressed 

he production of polyhydroxybutyrate (PHB) in E. coli . 
HB is a biotechnolo gicall y useful natural pol yester pro- 
uced by many microorganisms under nutritional imbal- 
nces which has similar properties to conventional plastics. 
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Figure 6. ( A ) PHB operon construction combining Golden Standard with MoClo. Le v el 0 parts for PHB production previously constructed with the 
MoClo toolkit were assembled in le v el 1 MoClo v ectors to obtain three TUs. Afterwards, these Tus were assembled in three le v el 2 GS pSEVA plasmids 
with RK2, pBBR1 or pUC origins of replication. ( B ) PHB granules present in E. coli DH10B cells harbouring plasmids pSEVA6219[gB] PHB (8% PHB), 
pSEVA63g19[gB] PHB (13% PHB) and pSEVA6819[gB] PHB (50% PHB). Image captured using phase contrast microscopy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Production of PHB in model strains such as Cupriavidus
necator H16 r equir es the action of (i) 3-ketothiolase (PhaA)
to condense two acetyl-CoA molecules into acetoacetyl-
CoA, (ii) acetoacetyl-CoA reductase (PhaB1) to reduce
acetoacetyl-CoA to 3-hydroxybutyryl-CoA and iii) PHB
synthase (PhaC1). We built the r equir ed le v el 0 plasmids
following the procedures described by Weber ( 6 ), where: i)
the Synpr o16 pr omoter containing the AGGGGG RBS se-
quence ( 43 , 44 ) was cloned into an A-D le v el 0 vector; ii)
genes phaA , phaB1 , and phaC1 from C. necator H16 were
domesticated, E. coli codon usage optimized and cloned
into D-G le v el 0 v ectors; and iii) thr ee differ ent termina-
tors ( rnpB T1, rpoC and T500) were cloned into G-I le v el 0
vectors (Figure 6 A). Subsequently, we assembled these level
0 parts into three le v el 1 plasmids using MoClo le v el 1 ex-
pressing phaA , phaB1 and phaC1 from positions 1, 2 and 3,
respecti v ely (see Supplementary Material, Table S3). 

These le v el 1 plasmids were finally assemb led into le v el
2 GS vectors featuring different origins of replication:
pBBR1, RK2 or pUC (Figure 6 A). The performance of
these constructs was monitored following the production
of PHB in E. coli DH10B during 24 h by GC-MS. Con-
sidering the expected number of copies provided by each
origin of replication ( 42 ), we found a positi v e correlation
between the expected number of plasmid copies and the
amount of PHB produced, i.e. 0.9931 fit (Supplementary
Figure S5, Table S5). Thus, the E. coli strain harbouring the
le v el 2 pUC plasmid yielded the highest PHB le v els, > 50%
cell dry weight (CDW) followed by the strains harbouring
the pBBR1 and RK2 plasmids ∼13% and ∼8% respecti v ely
 

(Figure 6 B). Overall, we demonstrated that the GS system is
able to incorporate level 0 parts constructed using homolo-
gous systems like CIDAR or MoClo while providing a com-
pa tible pla tf orm f or the effecti v e reuse and further optimiza-
tion of availab le le v el 1 plasmids in the context of a broad
scope of le v el 2 and 3 vectors with variable copy numbers. 

Golden Standard allows efficient and robust optimization of
complex synthetic pathway expression using combinatorial
assembly 

One of the main features of Golden Gate technology is
the possibility to optimize the performance of a gi v en syn-
thetic pathway by using combinatorial assembly ( 45 , 46 ).
This paves the way to the construction of libraries of a gi v en
metabolic pathway under a variety of expression outputs,
thus facilita ting systema tic explora tion of expression space
limited by the available parts. To accomplish this, each indi-
vidual TU involved in the metabolic pathway (le v el 1) can be
built using a set of regulatory parts , e.g. promoters , RBSs ,
etc. The library of individual TUs can be further combined
to construct a collection of synthetic gene circuits and / or
metabolic pathways (le v el 2). Following this approach and
using a high-throughput screening method, e.g. a specific
biosensor, the expression of an entire pathway can be opti-
mized in a single step. Thus, the GS system can be used to
engineer optimized gene clusters comprising se v eral TUs.
In order to validate this utility, we used GS to optimize
the biosynthetic pathway for zeaxanthin production in E.
coli ( 47–49 ). The biosynthesis of this carotenoid in E. coli
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Figur e 7. Combinatorial assembl y of the zeaxanthin biosynthetic pathway using the GS system. ( A ) Scheme of the heterologous zeaxanthin biosynthetic 
pathway in E. coli from glyceraldehyde 3-phosphate (G3P) and pyruvate using enzymes from P. agglomerans : FPP, farnesyl pyrophosphate; IPP, isopentyl 
diphosphate; GGPP, ger anylger anyl diphosphate; crtE, ger anyger anyl synthase; crtB, phytoene synthase; crtI, phytoene desaturase; crtY, ly copene cy clase; 
crtZ, b-car otene hydr oxylase. ( B ) Scheme of the assemb ly of le v el 0 parts and le v el 1 TUs for zeaxanthin production with multiple le v el 0 Anderson 
promoter parts ( http://parts.igem.org/Promoters/Catalog/Anderson ) into a polycistronic level 2 genetic device using Golden Standard assembly. ( C ) LB 

petri dish plate image showing colonies of E. coli cells transformed with the mix of le v el 2 parts for zeaxanthin production. Yellow colonies are positi v e 
colonies producing zeaxanthin, while the blue colonies are negative colonies carrying the empty vector. ( D ) Restreaking of different intensity yellow colonies 
selected by eyesight for subsequent analysis of the promoters used (1 to 5), 0, negati v e control colony. ( E ) . Heat map showing the combination of Anderson’s 
promoters for each CDS part in the fiv e selected colonies. 
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nvolv es fiv e enzymatic steps: i) Synthesis of ger anylger anyl 
iphosphate (GGPP) from farnesyl pyrophosphate (FPP) 
nd isopentyl diphosphate (IPP) catalysed by geranylger- 
nyl synthase (CrtE); ii) Condensation of two GGPP to one 
hytoene molecule catalysed by phytoene synthase (CrtB); 

ii) Desa tura tion of ph ytoene to lycopene by ph ytoene desat- 
rase (CrtI); iv) Cyclization of lycopene by lycopene cyclase 
CrtY); and v) Hydroxylation of �-carotene by �-carotene 
ydroxylase (CrtZ) (Figure 7 A). The yellow colour of zeax- 
nthin not only simplifies the identification of colonies suc- 
essfully expressing the whole pathway, but it also allows 
or visual recognition of relati v e colouration intensities be- 
ween colonies. In this way, colonies expressing the optimal 
S construct can be selected ( 11 , 22 , 50 ). 
Following the procedure to construct basic le v el 0 parts, 

he fiv e CDSs from Pantoea ag glomer ans ( 48 ) encoding the
nzymes catalysing the biosynthetic pathway of zeaxan- 
hin ( cr tE , cr tB , cr tI , cr tY and cr tZ ), were E. coli -codon-
sage-optimized, properly domesticated removing internal 
saI and BpiI sites and flanked by the proper D and G -
ased fusion sites. Subsequently, they were cloned in the 
maI site of pSEVA182. We further engineered libraries 
f transcription units (le v el 1) e xpressing cr tE , cr tB , cr tY
nd cr tZ by combina torial assembly using an equimolar 
ixture of selected Anderson’s promoters (J23100, J23106, 

23107 and J23116) -see http://parts.igem.org/Promoters/ 
atalog/Anderson , obtained from the CIDAR MoClo kit 

Addgene Kit #1000000059). To avoid the known toxicity 

f crtI ov ere xpression ( 51 ), this gene was kept at a constant
ow e xpression le v el using the weak promoter J23103 (Fig- 
re 7 B). Twenty positi v e clones (white kanamycin-resistant 
olonies) from each TU assembly r eaction wer e selected, 
ixed and grown together. Following plasmid extractions, 
e gener ated libr aries of tr anscription units’ le v el 1 plas-
ids for crtE , crtB , crtY and crtZ which were used to 

onstruct the synthetic le v el 2 cluster using a pUC-based 

ulticop y r eceptor plasmid. No yellow colonies were ob- 
ained and only a few blue colonies were observed (data 

ot sho wn). Ho we v er, when a pBBR-based le v el 2 recep-
or plasmid was used instead, we achie v ed a high number 
f positi v e yellow colonies ( ∼95%), with a transformation 

fficiency of 2 × 10 

4 colonies / �g of receptor plasmid (Fig- 
re 7 C). Fi v e positi v e colonies displaying different intensi- 
ies of yellow colouration were selected for further analysis 
Figure 7 D). After sequencing the promoter regions, we ob- 
erved a significant predominance of the medium strength 

romoters J23106 and J23107 (Figure 7 E). It was note- 
orthy that colony 2, which had the most intense yellow 

olony colour, expressed the crtB gene under the control 
f the high strength J23100 pr omoter, str ongly suggesting 

hat high expression of this gene is important for a high 

e v el of zeaxanthin production. Despite the few clones anal- 
sed, it was interesting that there was an overall lack of 
he strong promoter J23100, which could be indicati v e of 
he toxicity of this pathway when ov ere xpressed in E. coli 
 22 , 52 , 53 ). In fact, successful strategies for the production
f carotenoids in E. coli generally have relied on the use 
f inducible promoters and / or stabilization of the pathway 

hr ough chr omosome integration ( 49 , 52 , 53 ). In this regard,
he constructs for production of zeaxanthin in E. coli we 

http://parts.igem.org/Promoters/Catalog/Anderson
http://parts.igem.org/Promoters/Catalog/Anderson
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obtained using GS combinatorial assembly, in the context
of alternati v e copy number plasmids, highlight the useful-
ness of this technology in optimized synthetic metabolic
pathway engineering, both in terms of improving gene ex-
pression and reducing the metabolic burden to avoid cell
growth impairment and plasmid instability ( 54 ). 

Golden standard for optimizing expression of recombinant
proteins 

The main applications of MoClo assembly lie in synthetic
biology and focus on construction and optimization of
complex metabolic pathways and / or genetic circuits featur-
ing multiple transcription units. Applications targeting the
optimization of recombinant pr otein pr oduction or purifi-
cation are uncommon. In this context, despite MoClo hav-
ing been used in modular construction of proteins including
N- and / or C- terminal tags, to our knowledge this interest-
ing feature is underexploited and lacks direct applications.
Ther efor e, we pr esent her e a straightforward application
of GS to modular construction of proteins via introduc-
tion of solubility / purification and selection / quantification
tags (Figure 8 ). We used Str eptom y ces antibioticus’ ole-
andomycin glucosyltr ansfer ase (OleD) as the model pro-
tein in our assays. First, nati v e OleD and a fusion pro-
tein with GFP as a C-terminal tag were constructed con-
firming that this modification did not hinder OleD enzy-
matic activity (Supplementary Figure S6, Table S6) . Finally,
we evaluated the influence of purification / solubility tags
on OleD expression and the activity of the resulting fu-
sion proteins. To this end, we selected four commonly used
N-terminal purification / solubility tags (His 6x , strep, glu-
tathione S -tr ansfer ase with an HRV 3C protease cleavage
site and maltose binding protein). Four GS assembly setups
wer e pr epar ed, one for each of the individual N-tags (Figur e
8 A, see Supplementary Figure S6 for details). Plasmid se-
quencing and SDS-PAGE analyses (Supplementary Figure
S7) confirmed proper assembly of each of the N-terminal
tags used. 

Analysis of both fluorescence and enzymatic activity is
established as common practice in high-throughput screen-
ing of protein engineering libraries ( 55 , 56 ). In this sense, in-
stead of performing laborious dilutions to standardize pro-
tein concentration by means of fluorescence and further ac-
tivity assays, we calculated the ratio of activity and fluores-
cence from the same volume of CFE. Taking this ratio as a
key parameter, we posited that GS could be used to optimize
the e xpression / acti vity of heterolo gousl y pr oduced pr oteins
by constructing a combinatorial library of fusion proteins.
Ther efor e, the four N-terminal tags wer e mix ed stoichio-
metrically in the MoClo reaction and, after transformation,
30 positi v e clones were selected and analysed (Supplemen-
tary Figure S8). As expected, the mixed assembly resulted in
4 populations that shared similar values of fluorescence and
activity of cell-free extracts (Figure 8 B). Two clones from
each population were sequenced to identify the tag respon-
sible for these different behaviours. A near linear correlation
between fluorescence and activity could be drawn as a logi-
cal consequence of enzyme concentration (Figure 8 B). 

The versatility of the GS in protein engineering lies also
in double tag assembly enabling design and production of
e v en more complex fusion proteins (Figure 1 ). To present
the application of double N- and C-terminal tag assem-
b ly, we hav e decided to create a complex fluorescent pro-
tein with two independent purification tags, two fluorescent
proteins and core GST protein with protease cleavage site
tha t allows separa tion of fluorescent proteins after diges-
tion (Figure 8 C). Constructed lv 1 vector (pBBR1) was used
in transformation of P. putida and resulted in red colonies
as a consequence of application of strong constituti v e pro-
moter. Randomly chosen colony, verified by sequencing,
was used in overnight expression. The resulting CFE was
further purified using IMAC, and directly digested using
HRV-3C protease, then the reaction products were sepa-
rated using Strep-tactin column. Successful expression and
purification was confirmed by SDS-PAGE and visualized
by direct UV-light irradiation of obtained fractions (Figure
8 C, D). This experiment clearly demonstrates simplicity and
ease of application of GS in protein engineering and might
serve as the standard for any combinatorial protein design
and discovery. 

In summary, we proved that GS can be successfully ap-
plied to screen optimal recombinant protein expression and
perform complex target protein modifications. Although we
present data for the constituti v e e xpr ession of r ecombinant
proteins, the same procedure could be applied to inducible
promoter expression systems using a r andomised libr ary of
le v el 1 vectors with P T7 , P m 

, P rhaBAD 

or any other promoter.
It is worth pointing out that a similar approach could be
applied to serial, standardised experiments using, among
others, protein linker selection, protease cleavage site selec-
tion, anchor, secretory or signal peptide selection, and could
be tested in hosts within the proteobacteria phylum and
beyond. 

Web portal for community-driven developed of Golden Stan-
dard 

We created a w e bsite http://sysbiol.cnb.csic.es/
GoldenStandard/home.php to host the Golden Stan-
dard constructions, metadata, and necessary tools to
design new assemblies. This is divided into multiple inter-
connected modules to provide flexibility for future growth.
The modules are named Golden Standard DB, Golden
Standard Hub and Wizard. 

a) The Golden Standard DB module is the Golden Stan-
dard database interface. It features tools to search and
identify DNA parts and constructions stored in the
database. 

b) The Golden Standard Hub module serves as a Syn-
BioHub server ( 57 ). The data therein follows the well-
established SBOL (Synthetic Biology Open Language)
syntax to aid in sharing constructs. This module is linked
internally to the Golden Standard DB module to pro-
vide it with the sequences and other annotations. This
module cannot be directly accessed by the user, but it is
r equir ed to interconnect with external tools. 

c) The Wizard module includes a computational frame-
work to support in silico assembly of constructs. This
interacti v e tool simplifies design and assembly by allow-
ing the user to make multiple selections of components

http://sysbiol.cnb.csic.es/GoldenStandard/home.php
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Figure 8. Schematic diagram and results of N- and C-terminal tag assemblies. ( A ) Graphical r epr esentation of individual MoClo assemblies of the OleD 

variants tested. ( B ) Combined plotted results (conversion of xanthohumol to 4 ′ - O - �- D -glucoside of xanthohumol versus fluorescence of GFP-tag) in cell- 
free extracts from random clones obtained using mixed MoClo assembly with different N-terminal tags. ( C ) Graphical representation of MoClo assembly 
of 2xN- and 2xC protein with calculated MW masses of proteins; ( D ) SDS-PAGE analysis – on each well 1 ug of proteins was resolved. L – protein ladder; 
1 – P. putida crude protein extact; 2 – eluted fraction after IMAC purification; 3 – HRV-3C digestion reaction; 4 – proteins not bound to Strep-Tactin 
column; 5 – proteins eluted from Strep-Tactin column. Photo gra ph of fractions 3–5 irradiated with UV light are shown. 
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stored in the Golden Standard Hub (le v els 0, 1 or 2) and
using them to simulate the cloning steps for assembly. It 
also supports the addition of custom elements to han- 
dle specific parts not included in the Golden Standard 

Hub. The user only has to provide a gi v en sequence and 

its concentration to launch the simulation. The server 
is able to handle constructions with up to 6 level 1 ele- 
ments. Howe v er, it also supports higher le v els of com-
plexity in terms of level through the use of an iterati v e
procedure. Another key tool included in this module is 
the ‘Setup’ tool, which generates a detailed report with 

the assembly protocol that is specific to the simulated 

constructs. 

A step-by-step user guide to the GS Hub and Wizard is 
rovided with the supplementary information. 

ISCUSSION AND OUTLOOK 

ur use and characterization of Golden Standard assembly 

emonstra tes tha t it is a robust modular cloning system ca- 
able of constructing complex expression genetic devices in 

 wide range of bacteria. Although our focus has primarily 

een on proteobacteria, it is important to note that GS as- 
embly is not limited to this group of bacteria, as it has been 

uccessfully expanded and employed even beyond Gram- 
acteria. As interesting proof-of-concept, GS has been re- 
ently expanded to Streptomyces ( 26 ). This highlights the 
otential of GS to become a standard system within the 
olden Gate technology frame wor k, further promoting its 
idespread adoption and utility in the synthetic biology 

ommunity. GS assemblies with varying total numbers of 
ragments, size and DNA composition were performed to 

emonstra te tha t it is a high performance ( ≥95%), rou- 
ine assembly method. GS system takes advantage of: (i) 
 common syntax for DNA parts that is compatible with 

xisting Golden Gate systems, thus allowing exchangeabil- 
ty and reusability of parts by r esear chers (Table 1 ), (ii) a
traightforwar d assemb ly scheme, from a single transcrip- 
ion unit up to genetic circuits, with a set of vectors that 
upports construction of up to up twenty TUs for rapid and 

igh-throughput combinatorial assemblies, (iii) a stream- 
ined protocol supporting a logical frame wor k and parts 
 eusability for hierar chical assemb ly, (i v) the ability to con- 
inually make improvements to the collection of building 

locks (parts and modules) in order to simplify current and 

uture engineering processes. Therefore , GS fulfils , to a great 
xtent, the recommendations for standardization recently 
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highlighted in the White Book on standardization in syn-
thetic biology ( 58 ). 

In order to facilitate the design of constructs using mod-
ular assemb ly, we de v eloped a set of w e b-based tools that
pr ovide pr otocols and assistance for in silico design. We an-
ticipa te tha t these will enable rapid adoption of GS by non-
specialist users of modular cloning. The implementation of
the w e b server supports easy design of target synthetic path-
ways by: (i) facilitating user-friendly selection of promoters,
RBSs, and plasmid origins of replication and (ii) providing
detailed visualization of the final construct. Additionally,
the custom-part-handling feature supports assembly proce-
dures involving new elements and paves the way to increas-
ing the parts database, which is expected to become a high-
value asset to the scientific community. 

Another advantage of the GS platform is that plasmids
for genetic circuits feature a range of origins of replication
to avoid undesired effects on cells. For instance, it may be
necessary to use a low-to-medium copy plasmid when high
expression of heterologous genetic constructs leads to an ex-
cessi v e metabolic burden ( 59 ) or to av oid to xic side effects
on the chassis cell when membrane proteins are expressed
at a high le v el. The comprehensi v e collection of parts
available in the toolkit supports customized le v els of gene
expression. 

GS is underpinned by a strong will to inspire the neces-
sary cross-community effort to de v elop a uni v ersal, highly
portab le and standar dized MoClo system. It has been de-
signed to undergo constant updates in order to increase its
functionality and scope. Following on from successful ex-
pansion of SEVA plasmids by multiple synthetic biology
labs, we encourage this community to expand GS system
by using the SEVA standards together with the GS syntax.
Ther efor e, we envision a continuous community-guided GS
expansion focussed in new organisms, the creation of new
parts and modules (i.e. CRISPRi, multiplexing, genome
editing, etc). Similarly, we anticipate the incorporation of
quantitati v e outputs of parts and circuits, not only in the
context of the large array of receptor v ectors availab le, but
also considering the increasing number of host environ-
ments and chassis. This feature is expected to unlock ratio-
nal design and construction of complex metabolic pathways
highly customized to the host chassis. 

DA T A A V AILABILITY 

The plasmids listed in Table S1 have been deposited
a t SEVA da tabase ( http://seva-plasmids.com/ ) and they
are available under request. Data and tools for hi-
erar chical assembly ar e available through the Golden
Standard portal http://sysbiol.cnb.csic.es/GoldenStandard/
home.php . Python custom scripts for part characteriza-
tion and data are available at https://zenodo.org/record/
8159259 . 

SUPPLEMENT ARY DA T A 

Supplementary Data are available at NAR Online. 
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