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ABSTRACT
Multicomponent biological systems perform a wide variety of functions and are crucially
important for a broad range of critical health and disease states. A multitude of applications in
contemporary molecular and synthetic biology rely on efficient, robust and flexible methods
to assemble multicomponent DNA circuits as a prerequisite to recapitulate such biological
systems in vitro and in vivo. Numerous functionalities need to be combined to allow for the
controlled realization of information encoded in a defined DNA circuit. Much of biological
function in cells is catalyzed by multiprotein machines typically made up of many subunits.
Provision of these multiprotein complexes in the test-tube is a vital prerequisite to study their
structure and function, to understand biology and to develop intervention strategies to correct
malfunction in disease states. ACEMBL is a technology concept that specifically addresses
the requirements of multicomponent DNA assembly into multigene constructs, for gene
delivery and the production of multiprotein complexes in high-throughput. ACEMBL is
applicable to prokaryotic and eukaryotic expression hosts, to accelerate basic and applied
research and development. The ACEMBL concept, reagents, protocols and its potential are
reviewed in this contribution.
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1/ Complex challenge: Functional multigene assembly and delivery
Multigene delivery into living organisms has taken to center stage in the synthetic biology era
[1, 2]. This development has been catalyzed by the emergence of powerful technologies to
precisely assemble DNA pieces representing functional modules into customized
multifunctional DNA circuits. Recombinant DNA technology emerged half a century ago,
when so-called ‘restriction factors’ were observed; which inhibited bacteriophage growth in
bacteria, which turned out to be DNA endonucleases [3-6]. Around this time, DNA ligation
was discovered as a basis of genetic recombination [7-9], leading to successful assembly of
DNA fragments [10-14]. Since these ground-breaking discoveries, classical DNA cloning
involved largely serial steps of cutting and pasting isolated fragments together by using
restriction enzymes and DNA ligases, into functional DNA molecules (typically plasmids).
Plasmids containing the DNA insert of choice then were delivered by transformation,
transduction or transfection into prokaryotic or eukaryotic host cell organisms to exert their
functions [15]. The advent of the polymerase chain reaction (PCR) enormously advanced the
field [16], making DNA cloning commonplace in virtually all molecular biology laboratories
worldwide. Today, DNA assembly has been further accelerated by new and powerful
technologies, including ligation independent cloning methods (LIC, SLIC) [17, 18], circular
polymerase extension cloning (CPEC) [19] and seamless ligation cloning extract (SliCE)
[20], to name a few. For the assembly of very large fragments as precursors of entire
synthetic genomes, specific cloning methods have been implemented [21]. Concomitantly,
chemical DNA synthesis is being brought to perfection, considerably increasing the attainable
size of DNA precursor fragments. These methods are at the core of synthetic biology, a
vibrant field hailed as a game changer and poised to transform molecular biology and much
of the life sciences [22-26].
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Molecular cloning has been invaluable to study the structure and function of proteins
by enabling heterologous expression. Elucidating the sequence content of entire genomes has
made it possible to address the gene product repertoire - the proteome - of cells and
organisms. Efficient DNA assembly methods to generate heterologous expression constructs
have been implemented in concerted ‘omics’ efforts to analyze proteins system-wide, in highthroughput. Structural genomics consortia were established to determine atomic structures,
seemingly in an industrial mode [27, 28]. Automation and robotics have become a
prerogative; as a consequence, traditional cloning methodologies were progressively replaced
by more advanced methods [1, 29-32]. A large number of vital functions in cells are mediated
by multiprotein complexes composed of several to many subunits, and the function of a
particular catalytic unit is often determined by its interaction partner(s). This has profound
consequences for our understanding of the molecular mechanisms that are at the basis of
biology. At the same time, this also imposes additional requirements on DNA assembly
technology to support recombinant expression of complexes in high-throughput.
The ACEMBL technology was conceptualized to meet these requirements, to enable
structural and functional “complexomics” research and discovery [31-34]. ACEMBL
comprises recombination-based assembly of DNA elements into functional multigene
expression constructs that can be rapidly permutated in a combinatorial fashion [33].
Originally, ACEMBL was developed for combinatorial multiprotein production in E.coli as a
prokaryotic expression host [33]. Subsequently, efficient ACEMBL tool-kits have been
developed also for multigene expression in eukaryotic hosts [34-37]. The integration of the
ACEMBL technology in MultiBac, currently the lead technology for multiprotein complex
production in insect cells, is described in a dedicated contribution of this issue [37]. The
present overview therefore has as its focus the impact of ACEMBL on bacterial and
mammalian multigene transfer applications.
4

2/ ACEMBL: Automated unrestricted DNA recombineering for multigene delivery
Our knowledge of cellular processes have enormously advanced, brought about by an array
of recent technological developments, notably in affinity purification, DNA sequencing, mass
spectroscopy, yeast two-hybrid screens and computational approaches [38]. These
technological developments compellingly validated the notion that virtually all essential
cellular processes (DNA replication, transcription, translation, cell cycle regulation,
intermediary metabolism, many more) are catalyzed by a highly coordinated network of
protein-protein interactions, in which most proteins collaborate and function in the context of
multiprotein complexes, underpinning the notion of ‘protein sociology’ in the cell [39].
Detailed structural and functional analysis is indispensable for elucidating the
biological functions of these highly complex networks. Knowledge of molecular architectures
can form the basis of intervention strategies, for example, to correct malfunction in disease
states by supplying structure-based, custom-designed chemical compounds. Recapitulation of
physiological interdependencies in the test-tube is a critical prerequisite for designing such
compounds, and also for their preliminary validation by biochemical, biophysical and
pharmacological means. Most multiprotein complexes, particularly those in humans, exist in
(very) low endogenous amounts and are furthermore often heterogeneous in their
composition, which is typically refractory to their extraction from native or cultured cell
material. Heterogeneity in post-translational modifications, which may be essential for
exerting the full activity of a given complex, can further limit the utility of material obtained
from endogenous source.
Recombinant production offers solutions to these impediments, and a wide range of
expression systems are available to produce proteins recombinantly in prokaryotic and
eukaryotic hosts [31, 33, 34-45]. Recombinant expression systems share in common that one
or several DNA segments encoding for proteins, protein domains or multicomponent protein
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complexes are typically combined with DNA elements including DNAs that control
transcription (promoters, terminators, others) and translation (ribosome binding sites, ShineDalgarno sequences, Kozak consensus sequences, enhancers, others) and inserted into a
functional DNA module (plasmid, cosmid, artificial chromosome, genome, others). The
resulting construct is then used to deliver the DNA segments of interest to host cell organisms
by means of transformation, transfection or transduction.
The underlying technologies were perfected over the years to a level that they could
be productively harnessed in ambitious, highly parallelized ‘omics’ programs aimed at
genome- and proteome wide studies of proteins in many organisms including humans [28]. In
these research undertakings, protein encoding genes are synthesized, manipulated, varied and
delivered into recombinant expression hosts on an industrial scale to enable high-throughput
structure determination, populating protein structure databases such as the protein data bank
(PDB) with unmatched efficiency and breathtaking speed, ushering in a new age of protein
structural and functional research.
Initially, these efforts were focused on single proteins, protein domains or small
assemblies of two, maximally (rarely) three interactors. Our more recent understanding that
the activity of a given protein catalyst can be decisively influenced by the (sometimes many)
partners that arrange in multicomponent assemblies has to a certain degree challenged this
minimalist approach. It is legitimate to postulate that, if proteins in cells act as parts of large
and complex assemblies, then they should also be studied in vitro in the form of such large
complexes, with a full complement of binding partners present. This approach offers
opportunities and advantages, notably for drug discovery in pharma and biotech, where
‘being close(r) to physiological’ can be a tremendous asset. Evidently, however, it also
complicates the experimental approach quite significantly, posing substantial technical
challenges.

6

A multigene delivery system that affords to establish physiologically meaningful
contexts ex vivo needs to be simple to use, robust, efficient and ideally compatible with
automation and robotics, and readily accessible if similar breakthroughs for multiprotein
complexes are to be achieved as have been successfully made already for single proteins and
protein domains. We have taken advantage of more recent advances in DNA synthesis and
molecular cloning technologies to develop ACEMBL, a technology concept that in our view
successfully addresses these challenges [33]. ACEMBL exploits sequence and ligation
independent multifragment cloning technology combined with site-specific multicomponent
recombination for unrestricted assembly of multigene delivery constructs in a combinatorial
fashion that is readily amenable to robotics [33, 46]. Affordable and efficient chemical
synthesis methods of large DNAs as precursor molecules further potentiate the utility of
ACEMBL for a broad range of applications.
2.1/ ACEMBL DNA design
The ACEMBL system utilizes a series of custom-designed vectors (called Acceptor or
Donor, respectively) for multigene vector generation catalyzed by Cre-LoxP recombination
[33, 34, 44, 46, 47]. All ACEMBL vectors are scratch-built, synthetic small plasmids (2-3
kilobases). Acceptor and Donor plasmids exclusively contain the minimal DNA elements
absolutely required for protein expression and plasmid propagation, in addition to a set of
DNA elements required for multigene assembly. In contrast to conventional expression
plasmids including most commercial plasmids, these elements are directly juxtaposed,
without intervening sequences devoid of functionality, giving rise to the smallest possible
DNA molecules that propagate and can be used for multigene expression (Fig. 1).
ACEMBL plasmids contain common modules such as promoter / terminator and
resistance marker. The Multiple Integration Element (MIE), adapted from a previously
published polylinker [33], is tailored to support single or multiple gene insertions via
7

conventional restriction / ligation methods or, preferably, sequence and ligation independent
cloning (SLIC) [33, 46] (Fig. 2). In addition, complementary homing endonuclease (HE) /
BstXI site pairs are introduced for theoretically unlimited iterative gene insertions. We
usually insert DNAs (genes of interest or fragments) that are chemically synthesized in the
given format of choice, eliminating undesired restriction sites (including HE, BstXI) in the
process.
There are two origins of replication in ACEMBL tool-kits; Acceptors contain a
common E.coli origin of replication (BR322) and Donors contain a conditional origin of
replication derived from phage R6Kγ. All plasmids contain a different resistance marker.
Acceptors and Donors shown in Figure 1 contain elements that are specific for multigene
delivery and expression in E.coli as a prokaryotic host. Similar Acceptors and Donors have
been developed for multigene delivery and multiprotein complex expression in eukaryotic
hosts, retaining the backbones but containing customized DNA elements (promoter /
terminator pairs, gene integration sites, homologous recombination sequences, others)
required in the respective eukaryotic host organisms (mammalian and insect cells).
2.2/ Multigene assembly by Tandem Recombineering (TR)
The SLIC reaction, in marked contrast to conventional cloning relying on restriction enzyme
mediated digestion and ligation, can be readily scripted into a robotics routine [33].
ACEMBL Acceptor and Donor plasmids that contain one or several genes each are then
concatamerized for multigene co-expression in a rapid and flexible fashion, by utilizing the
LoxP imperfect inverted repeat sequences present on each plasmid, and the Cre recombinase
which fuses LoxP sequences in a site-specific recombination reaction (Fig. 3) [48, 49].
Tandem Recombineering (TR) is the combination of SLIC-mediated gene integration and
Cre-LoxP Acceptor-Donor fusion [46].
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When educt DNAs containing single LoxP sites are subjected to Cre-LoxP
recombination, only a small portion of educt DNAs are combined together, while the rest
remain separate and co-exist with the fusion products. Acceptors contain a regular origin of
replication (BR322), which enables their replication in regular E. coli strains (TOP10,
OmniMAX, BL21, etc). In contrast, Donors contain a conditional origin of replication termed
R6Kγ (the γ replication origin of the R6K plasmid) [50]. The replication of Donors requires
the presence of the π protein (encoded by pir gene) in the host cell. Therefore, propagation
and manipulation of all Donors has to be carried out in specific E. coli strains, which contain
a pir gene inserted into their genome. Donors cannot replicate in a regular E. coli strain,
which does not contain the pir gene (i.e. pir-negative), unless fused with an Acceptor with a
regular origin of replication. Thus, the recombination of Acceptors and Donors can be
exploited for specific selection of desired fusion products.
A single Acceptor could be recombined in a single Cre-LoxP reaction with a
theoretically unlimited number of Donors, with one to several expression cassettes on each
Donor and Acceptor. Pragmatically, we use one Acceptor and up to three Donors to generate
multigene constructs for heterologous expression. Due to the equilibrium nature of the CreLoxP reaction, the recombination reaction products are a mixture of all possible fusions from
two or more educts, including Acceptor-Acceptor, Acceptor-Donor, and Donor-Donor
fusions. Since excision is favored, fusion products containing increasing numbers of educts
are present in decreasing amounts. All fusion products and also the single educt plasmids are
quasi bar-coded by their characteristic resistance marker combinations (Fig. 4), as all
plasmids of the system have a different resistance marker. After transformation into regular
E.coli strains (pir-negative background), all unwanted Donors and Donor-Donor fusions are
eliminated since their conditional origins are inactive in pir-negative E.coli strains, while the
desired Acceptor-Donor fusions are selected by challenging with corresponding combinations
9

of antibiotics (Fig. 4). This enables the tailored generation of multigene vectors expressing a
complete protein complex as well as subsets of its subunits, in a single Cre-LoxP reaction.
This combinatorial approach is instrumental for investigating the hierarchical assembly of
multiprotein complexes, the biological functions of specific subunit(s) or their combinations,
as well as the integration of putative subunit isoforms into a multiprotein complex of choice
[31]. Thus selected arrays of fusion plasmids can then be used for gene delivery into
expression host cells, optionally in high-throughput.
Subsequent to antibiotic challenge, fusion plasmids can (and probably should) be
verified by restriction mapping. For example, transformants might contain fusion products
harboring more than one copy of a particular educt vector. This can be potentially detrimental
by causing expression level imbalance between subunits due to the increase in copy number
of the gene(s) present on the particular educt. On the other hand, this could also be used to the
benefit of the expression experiment. When a certain gene of interest is expressed at lower
levels as compared to other genes in a multigene expression experiment, it can be helpful to
incorporate an additional copy of the corresponding educt plasmid, and/or to place the same
gene in several copies on one or more educt plasmids prior to the Cre-LoxP fusion reaction.
When more than two educt vectors are subjected to Cre-LoxP recombination, their
incorporations are stochastic and thus lead to sequence variations in the fusion plasmids
depending on the assembling orders of educt vectors (Fig. 5). The number of possible fusion
plasmids (Pn) containing n educt vectors (each as a single copy) is given by the formula of
circular permutation:

Pn = (n - 1)!

. For example, a fusion plasmid containing one acceptor and

three donors (n=4) has P4 = 3!= 6 possible variants (Fig. 5). From our experience, the order
of assembly of educts in a multifusion plasmid apparently does not prejudice the success of a
complex expression experiment. Nonetheless, good practice requires verifying the order of
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assembly of educts in the multifusion plasmid as a quality control step. Therefore, the exact
DNA sequences of all possible fusion variants are required for verification and selection by
restriction digestions. To facilitate the in silico generation of DNA sequences of all possible
fusion variants, we programmed a software application, Cre-ACEMBLER [51, 52].
2.3/ Cre-ACEMBLER software
Cre-ACEMBLER was programmed in Python and runs on Windows, Linux, and MacOS
operating systems. Cre-ACEMBLER displays sequence data in an application window,
showing the sequence as plain text. Simple manipulations can be done using cut, copy and
paste functions. Sequence data can be read from and written to files in various formats,
including FASTA and GenBank.
To perform in silico Cre recombinations, all educt plasmid sequences have to be
opened in Cre-ACEMBLER. Activating the “Cre” button starts an assistant dialogue guiding
through the recombination in three steps: (1) Acceptor plasmid sequence is selected among
all open sequences; (2) Donor plasmid sequences are selected; (3) Adjustment of the desired
copy numbers of each individual plasmid. Each possible product sequence is then generated
and displayed in a new window. Product sequences can then be saved to files and analyzed
using other software, e.g. ApE [53] or Vector NTI [54]. Prerequisites to be fulfilled by CreACEMBLER were ease of use, compatibility with a broad range of operating systems and
interoperability with other software. No central processing unit (CPU)-intensive work is done
by Cre-ACEMBLER, thus an interpreted programming language could be chosen without
risking performance limitations. Therefore, Cre-ACEMBLER was developed in Python [56],
using the Python bindings of GTK+ [57, 58] for the graphical user interface, and the
Biopython [59] library for sequence data manipulations. Using Python and GTK+ allows
Cre-ACEMBLER to run on Windows, Linux and MacOS operating systems, and possibly
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others. The Biopython library allows reading and writing sequence data in various file
formats, providing good interoperability with other software.
It is of advantage for the in silico Cre recombination if LoxP sites in all input (educt)
sequences are in the same orientation, and if the linear representation of each input sequence
starts with the LoxP site. Therefore, all input sequences are normalized prior to
recombination, by generating the reverse-complement of input sequences if required, and by
linearizing all sequences immediately 5' of the LoxP site. All input sequences are then
indexed numerically, making sure that identical input sequences get the same index. Lists
representing all possible permutations of the order of the indices are computed, and redundant
solutions (if considering circular arrangement) are eliminated, thus yielding index lists
representing only unique circular permutations. Fusion plasmid sequences are then generated
from these index lists by appending the normalized input sequences corresponding to the
indices, in the order given in these lists.
A challenge arising from the linear representation of circular sequences is to identify
permutations which are redundant if circular arrangement is considered. In order to make the
lists representing different circular arrangements comparable, a linearization algorithm had to
be found which transforms a linear representation with a random starting point reliably into a
linear representation with a defined starting point. To accomplish this, the lowest index in the
lists is taken as a potential starting point for linearization. If several instances of this lowest
index are present in the list, each instance is credited a score according to the subsequent
indices in the list. The instance that is followed by the highest count of lowest indices gets the
highest score, and the list is rearranged such that this instance becomes the first entry. Lists
transformed in this way can then simply be compared using Python's equality operator, so
that redundant solutions can be identified and eliminated.
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Cre-ACEMBLER has proven to be a valuable, robust tool in extensive testing by
users of the Eukaryotic Expression Facility (EEF) at EMBL Grenoble, proving the reliability
of the algorithms described above. Cre-ACEMBLER is freely available for download [51]. A
Cre-ACEMBLER User Manual is likewise available on-line [52].
3/ ACEMBL applications
The ACEMBL system was first introduced for robotized production of multiprotein
complexes in high-throughput [33]. Subsequently, the ACEMBL pipeline was extended to
eukaryotic expression systems (Fig. 6) in order to produce functional eukaryotic protein
complexes requiring the authentic processing and post-translational machinery provided by
eukaryotic hosts [31]. Multifusion plasmids generated from Cre-LoxP reactions are utilized
by the ACEMBL-derived MultiMam system to facilitate simultaneous multigene introduction
into mammalian cells [35, 36] (see also 3.2). The MultiBac baculovirus / insect cell system
has been upgraded for robotics by incorporating ACEMBL DNA modules (MIE and HE /
BstXI sites) for automatable and theoretically unlimited multigene insertion into a baculoviral
genome for protein co-expression in insect cells [34] (see also Chapter on MultiBac by Sari
and co-workers in this issue). Selected examples of ACEMBL applications are highlighted in
the following.
3.1/ ACEMBLing DNA for structural and molecular biology
ACEMBL has been used successfully for a variety of applications in structural and molecular
biology. Numerous multisubunit complexes, including soluble multiprotein complexes,
protein-RNA complexes and multimeric membrane protein complexes have been produced
successfully by ACEMBL [33, 44, 60-64]. Examples include the prokaryotic signal
recognition particle, SRP, the catalytic cycle of which is being studied by cryo-electron
microscopy and biochemical means [60-62]. A particular highlight is the prokaryotic holo-
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translocon complex (HTL), a seven subunit transmembrane multiprotein assembly consisting
of the heterotrimeric core translocon, SecYEG, and its accessory proteins SecD, SecF, YidC
and YajC. HTL is a long elusive complex that was, for the first time, successfully produced
recombinantly by ACEMBL [63, 64]. HTL catalyzes the transport of protein substrates
through and into membranes, making use of the proton motive force (PMF) [63]. Moreover,
ACEMBL was applied to reveal the substrate specificity for interferon-stimulated gene 15 by
ubiquitin-specific protease 18 [65]. Many research laboratories have already obtained
ACEMBL reagents, and ACEMBL systems are in the process of being integrated into
structural genomics pipelines. We expect in the coming years numerous more exploits
brought about by our multigene delivery technologies, and we anticipate productive synergies
with other multigene recombineering tools, to deconvolute internal redundancy and explore
functional structure in complex biological systems [66-69].
3.2/ Highly efficient multigene delivery in mammalian cells
We implemented TR to facilitate rapid generation of multicomponent gene expression
circuits from Acceptors and Donors containing mammalian cell active promoters [35, 36]
(Fig. 6). These multicomponent circuits are used for efficient multigene delivery in
mammalian cells, resulting in homogeneous cell populations [35]. Such results could not be
obtained previously by classical methods relying on co-transfection of plasmids modules.
Using fluorescently labelled proteins to visualize mammalian cell compartments, their
substructures and contents is a common technology in cell biology and pharmacological
applications. Homogeneous cell populations are a prerequisite for monitoring perturbations of
cell states, biological processes, metabolic pathways, signaling cascades and the effect of
additives, for example in high-content screening. The utility of the TR approach to generate
homogeneous cell populations by multigene delivery of fluorescently labelled proteins was
compellingly demonstrated using pig cardiac endothelial cells that expressed five different
14

proteins, delivered by a TR construct fitted with mammalian cell active promoters [35]. A
constant relationship between expression levels of the proteins at the level of individual cells
was demonstrated [35]. Moreover, this approach was applied to analyze the localization of
epidermal growth factor receptor (EGFR) with Ran GTPases in endosomal trafficking, and to
demonstrate how Neuropilin-1 promotes VEGFR-2 trafficking through Rab11 vesicles,
thereby specifying signal output [35, 70].
We anticipate that a wide range of applications will benefit from a synchronized
delivery of multiple genes. Our innovative approach has the potential to facilitate the
production of multicomponent protein drugs including next-generation vaccine candidates
such as virus-like particles. Multiplexed labelling of living cells, protein-protein interaction
studies, the construction of designed gene regulatory circuits and entire synthetic signalling
cascades are further active research and development fields that could benefit from ACEMBL
technologies.
4/ Metabolic engineering
Metabolic engineering is emerging as an overarching concept subsuming a collection of
methods and concepts for re-directing, improving or modifying cellular and organismal
biochemical pathways, with the goal of generating novel qualities. At the core of synthetic
biology, metabolic engineering has been defined as “the purposeful modification of cellular
activities with the aim of strain improvement” [71]. A purpose is to achieve an overall higher
productivity and superior quality of scientifically or commercially interesting molecules in
research and development, and in industrial settings. These can include proteins, protein
complexes, nucleic acids, biochemicals and metabolites that normally do not accumulate to a
significant degree or sufficient quality, and would otherwise have to be chemically
synthesized or extracted from natural sources. Moreover, complex chemical structures, for
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instance with multiple chiral centers, often are easier produced in engineered microorganisms
or cells, at lower cost.
Researchers wish to tweak the host which is the organismal “factory”, by altering its
biological traits, to produce modified or new substances [72]. Such refinements require
considerable genetic engineering for custom-design of entire regulatory circuits and
metabolic pathways and their efficient delivery into the host organism. Concurrently,
‘negative’ factors need to be removed, which would otherwise be detrimental to achieving the
desired product yields and quality improvements. For example, production strains may need
to be made more resilient to demands incurred by (multi)protein overexpression [73].
Physiological knowledge of the pathways under investigation, choice of the right production
organism, information from metabolic flux modelling and bioprocess development need to be
considered and addressed in the design of the synthetic multifunctional DNA circuits to be
delivered [74]. This can then be exploited for the improved production, up to fermenter scale,
of protein therapeutics such as monoclonal antibodies, commodity chemicals such as
vitamins or rare amino acids, valuable metabolites, biomolecules eliciting fragrances and
flavors, rare natural (medicinal) compounds (such as artemisinin and taxol) or even biofuel
production [74-78]. While some constraints can be overcome by optimizing culture
conditions, others can more successfully be tackled by modifying defined metabolic
pathways. A thorough knowledge of the cellular biochemistry in conjunction with new and
powerful recombinant DNA technology now allows “to rationally modify and design
metabolic pathways, proteins, and even whole organisms.” [78].
Biosynthetic pathways can now be (re)constructed from scratch and adapted to a host
organism to either replace or complement endogenous pathways [75, 79]. Genetic
modifications involved include for example plugging in appropriate regulatory elements into
the plasmid constructs, optimizing codon usage or transcription factor activity, and tuning the
16

effects of intergenic regions. At the same time, endogenous pathways can be shut down or
reduced [80] to optimize the balance between heterologous and endogenous biochemical
activities [79]. Side effects or roadblocks encountered can be ameliorated or removed by
multiple rounds of engineering [79, 81, 82].
ACEMBL tool-kits, due to unmatched flexibility and robustness, in our view may be
optimally suited to address these manifold requirements for building multifunctional
heterologous expression constructs, predominantly to equip E.coli, insect and mammalian
cells with multiple genes and functionalities, combinatorially arranged by TR in
multicomponent DNA regulatory circuits. An advantage of ACEMBL is that individual (sets
of) components can be distributed on several plasmid modules (Acceptors and multiple
Donors) and recombined as desired. Furthermore, individual (sets of) components can be
flexibly modified without compromising other (sets of) components, and new components
introduced if required. Moreover, gene regulatory elements including promoters and
terminators can be altered or tuned with ease, and adapted to the host organism and the
specific requirements of the target molecule(s).
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5/ Conclusion
The ACEMBL technology concept was originally conceived to synergistically address two
sets of requirements. On the one hand, we intended to create technologies that assist in
making hitherto inaccessible target molecules, in particular multiprotein complexes,
amenable to high-resolution structural and functional analysis as a prerequisite to better
understand their cellular activities, and to enable their modulation for example if malfunction
occurs in disease states. On the other hand, we wanted our technologies to be sufficiently
robust to facilitate automation and robotics, to harness the benefits of parallelized workflows
that already have been established for high-throughput applications with remarkable success.
ACEMBL fulfills these requirements, and we are hopeful that the methods we developed will
contribute significantly to the system-wide elucidation of the protein ‘complexome’ of cells
and organisms, in health and disease. Currently, ACEMBL reagents are available for
multigene delivery and heterologous expression in E.coli, mammalian cells and insect cells as
hosts, and further systems targeting other important organismal factories are forthcoming.
Moreover, beyond heterologous protein complex production, ACEMBL holds significant
promise to catalyze synthetic biology approaches which are at the forefront of current
biology, by enabling multiplexed assembly of synthetic multicomponent DNA constructions
for highly efficient multigene delivery, in prokaryotic and eukaryotic hosts, for a wide range
of applications.

18

Acknowledgements
We thank all members of the Berger laboratory for their support, as well as Lakshmi S.
Vijayachandran (Amrita Center for Nanosciences & Molecular Medicine, India), Christoph
Bieniossek (Hofmann-La Roche, Basel), Simon Trowitzsch (Goethe University, Frankfurt)
and Alexander Craig (S. Karger GmbH, Publishers) for their contribution and helpful
discussions. This work was funded by the European Commission (EC) Framework
Programme (FP) 7 ComplexINC project (grant number 279039) to DF and IB. YN was a
fellow of the Boehringer Ingelheim Fonds (BIF, Germany). MH was recipient of a Kekulé
fellowship from the Fonds der Chemischen Industrie (FCI, Germany).

19

References
1. Schelshorn D, Ljubicic S, Berger I and Fitzgerald DJ (2015) Synthetic Biology in
Biopharmaceutical Production. Eur. Biopharm. Rev. 12(228):3995-3997.
2. Tirabassi R (2014) Foundations of Molecular Cloning – Past, Present and Future.
http://www.neb-online.fr/pdfs/Article_MolecularCloning2014_NEBFR.pdf.
3. Luria SE and Human ML (1952) A nonhereditary, host-induced variation of bacterial
viruses. J Bacteriol 64:557-569.
4. Bartani G and Weigle JJ (1953) Host controlled variation in bacterial viruses. J
Bacteriol 65:113-121.
5. Linn S and Arber W (1968) Host specificity of DNA produced by Escherichia coli, X.
In vitro restriction of phage fd replicative form. Proc Natl Acad Sci USA 59:1300-1306.
6. Smith HO and Wilcox KW (1970) A restriction enzyme from Hemophilus influenzae. I.
Purification and general properties. J Mol Biol 51:379-391
7. Kellenberger G, Zichichi ML and Weigle JJ (1961) Exchange of DNA in the
recombination of bacteriophage lambda. Proc Natl Acad Sci USA 47: 869–878.
8. Meselson M and Weigle JJ (1961) Chromosome brekage accompanying genetic
recombination in bacteriophage. Proc Natl Acad Sci USA 47:857–868.
9. Bode VC and Kaiser AD (1965) Changes in the structure and activity of lambda DNA
in a superinfected immune bacterium. J Mol Biol 14:399–417.
10. Cozzarelli NR, Melechen NE, Jovin TM and Kornberg A. (1967) Polynucleotide
cellulose as a substrate for a polynucleotide ligase induced by phage T4. Biochem
Biophys Res Commun 28:578–586.
11. Gefter ML, Becker A and Hurwitz J (1967) The enzymatic repair of DNA. I. Formation
of circular lambda-DNA. Proc Natl Acad Sci USA 58:240–247.
12. Gellert M (1967) Formation of covalent circles of lambda DNA by E. coli extracts. Proc
Natl Acad Sci USA 57:148–155.
13. Olivera BM and Lehman IR (1967) Linkage of polynucleotides through phosphodiester
bonds by an enzyme from Escherichia coli. Proc Natl Acad Sci USA 57:1426–1433.
14. Weiss B and Richardson CC (1967) Enzymatic breakage and joining of
deoxyribonucleic acid, I. Repair of single-strand breaks in DNA by an enzyme system
from Escherichia coli infected with T4 bacteriophage. Proc Natl Acad Sci USA
57:1021–1028.
15. Maniatis T (2012) Molecular Cloning: A Laboratory Manual. ISBN: 978-1-936113-422, Cold Spring Harbor Laboratory Press, New York.
16. Mullis KB and Faloona FA (1987) Specific synthesis of DNA in vitro via a polymerasecatalyzed chain reaction. Methods Enzymol 155:335–350.
17. Li MZ and Elledge SJ (2007) Harnessing homologous recombination in vitro to
generate recombinant DNA via SLIC. Nat Methods 4:251–256.
18. Nisson PE, Rashtchian A and Watkins PC (1991) Rapid and efficient cloning of AluPCR products using uracil DNA glycosylase. PCR Methods Appl. 1, 120–123.
20

19. Quan J and Tian J (2009) Circular polymerase extension cloning of complex gene
libraries and pathways. PLoS ONE 4(7):e6441.
20. Zhang Y, Werling U and Edelmann W (2012) SLiCE: a novel bacterial cell extractbased DNA cloning method. Nucleic Acids Res 40(8):e55.
21. Gibson DG (2014) Programming biological operating systems: genome design,
assembly and activation. Nat. Methods 11(5):521-526.
22. Weber W and Fussenegger M (2011) Emerging biomedical applications of synthetic
biology. Nat Rev Genet 13(1):21-35.
23. Ye H, Aubel D and Fussenegger M (2013) Synthetic mammalian gene circuits for
biomedical applications. Curr Opin Chem Biol 17(6):910-917.
24. Folcher M and Fussenegger M (2012) Synthetic biology advancing clinical applications.
Curr Opin Chem Biol 16(3-4):345-354.
25. Ausländer S and Fussenegger M (2013) From gene switches to mammalian designer
cells: present and future prospects. Trends Biotechnol 31(3):155-168.
26. Geering B and Fussenegger M. (2015) Synthetic immunology: modulating the human
immune system. Trends Biotechnol. 33(2):65-79.
27. Terwilliger TC, Stuart D and Yokoyama S. (2009) Lessons from structural genomics.
Annu Rev Biophys 38:371-83.27.
28. Almo SC et al. (2013) Protein production from the structural genomics perspective:
achievements and future needs. Curr Opin Struct Biol 23(3):335-344.
29. Torella J et al. (2014) Unique nucleotide sequence-guided assembly of repetitive DNA
parts for synthetic biology applications. Nat. Protocols 9: 2075-2089.
30. Leinert F et al, (2013) Two- and three-input TALE-based and logic computation in
embryonic stem cells. Nucleic Acids Res 41: 9967-9975.
31. Vijayachandran LS et al. (2011) Robots, pipelines, polyproteins: enabling multiprotein
expression in prokaryotic and eukaryotic cells. J Struct Biol 175(2):198-208.
32. Trowitzsch S, Palmberger D, Fitzgerald D, Takagi Y and Berger I. (2012) MultiBac
complexomics. Expert Rev Proteomics 9(4):363-373.
33. Bieniossek C et al. (2009) Automated unrestricted multigene recombineering for
multiprotein complex production. Nat Methods 6(6):447-450.
34. Bieniossek C, Imasaki T, Takagi Y and Berger I. (2012) MultiBac: expanding the
research toolbox for multiprotein complexes. Trends Biochem Sci 37(2):49-57.
35. Kriz A et al. (2011) A plasmid-based multigene expression system for mammalian cells.
Nat Commun. 1:e120.
36. Trowitzsch S, Klumpp M, Thoma R, Carralot JP and Berger I (2011) Light it up: Highly
efficient multigene delivery in mammalian cells. Bioessays 33(12):946-955.
37. Sari D et al.(2015) The MultiBac Baculovirus / Insect Cell Expression Vector System for
Producing Complex Protein Biologics. Vega C and Fernandez F (Eds), Advances in
Experimental Medicine and Biology, Springer Press, New York.
38. Nie Y et al. (2009) Getting a grip on complexes. Curr Genomics 10(8):558-572.

21

39. Robinson CV, Sali A & Baumeister W (2007) The molecular sociology of the cell.
Nature 450(7172):973-982.
40. Romier C et al. (2006) Co-expression of protein complexes in prokaryotic and
eukaryotic hosts: experimental procedures, database tracking and case studies. Acta
Crystallogr D Biol Crystallogr 62(10):1232-1242.
41. Busso D et al. (2011) Expression of protein complexes using multiple Escherichia coli
protein co-expression systems: a benchmarking study. J Struct Biol 175(2):159-170.
42. Diebold ML et al. (2011) Deciphering correct strategies for multiprotein complex
assembly by co-expression: application to complexes as large as the histone octamer. J
Struct Biol 175(2):178-88.
43. Vincentelli R and Romier C (2013) Expression in Escherichia coli: becoming faster and
more complex. Curr Opin Struct Biol 23(3):326-34.
44. Haffke M. et al. (2015) Characterization and production of protein complexes by coexpression in Escherichia coli. Methods Mol Biol 1261:63-89.
45. Abdulrahman W et al. (2015) The production of multiprotein complexes in insect cells
using the baculovirus expression system. Methods Mol Biol 1261:91-114.
46. Haffke M, Viola C, Nie Y & Berger I. (2013) Tandem recombineering by SLIC cloning
and Cre-LoxP fusion to generate multigene expression constructs for protein complex
research Methods Mol Biol 1073:131-140.
47. Berger I (2010) New nucleic acid tools for producing multiprotein complexes.
WO2010/100278-A2.
48. Guo F, Gopaul DN and van Duyne GD. (1997) Structure of Cre recombinase complexed
with DNA in a site-specific recombination synapse. Nature 389(6646):40-406.
49. Gopaul DN, Guo F and Van Duyne GD (1998) Structure of the Holliday junction
intermediate in Cre-loxP site-specific recombination. EMBO J 17(14):4175-4187.
50. Metcalf WW, Jiang W and Wanner BL (1994) Use of the rep technique for allele
replacement to construct new Escherichia coli hosts for maintenance of R6K gamma
origin plasmids at different copy numbers. Gene 138(1-2):1-7.
51. Cre-ACEMBLR software: https://github.com/christianbecke/Cre-ACEMBLER
52. Becke C, Haffke M and Berger I (2012) Cre-ACEMBLER User Manual. DOI:
10.13140/2.1.1068.1128.
53. Davis MW ApE - A Plasmid Editor. http://www.biology.utah.edu/jorgensen/wayned/ape
54. Life Technologies Invitrogen Vector NTI. http://www.invitrogen.com
56. Python programming language. http://python.org/
57. The GIMP Toolkit. http://www.gtk.org/
58. PyGTK: GTK+ for Python. http://www.pygtk.org/
59. Cock PJA et al. (2009) Biopython: freely available Python tools for computational
molecular biology and bioinformatics.” Bioinformatics 25: 1422-1423
60. Schaffitzel C et al. (2006) Structure of the E.coli signal recognition particle bound to a
translating ribosome. Nature 444:503-506.

22

61. Estrozi LF, Boehringer D, Shan SO, Ban N and Schaffitzel C (2011) Cryo-EM structure
of the E. coli translating ribosome in complex with SRP and its receptor. Nat Struct Mol
Biol 18(1):88-90.
62. Von Loeffelholz O et al. (2013) Structural Basis of Signal Sequence Surveillance and
Selection by the SRP-SR Complex. Nat. Struct. Mol. Biol 20: 604-610.
63. Schulze RJ et al. (2014) Membrane protein insertion and proton-motive-force-dependent
secretion through the bacterial holo-translocon SecYEG-SecDF-YajC-YidC. Proc Natl
Acad Sci USA. 111(13):4844-4849.
64. Komar J, Botte M, Collinson C., Schaffitzel C and Berger I (2015) ACEMBLing a
Multiprotein Transmembrane Complex: The Functional SecYEG-SecDFYajC-YidC
Holotranslocon Protein Secretase/Insertase. Methods Enzymol in press.
65. Basters A et al. (2014) Molecular characterization of ubiquitin-specific protease 18
reveals substrate specificity for interferon-stimulated gene 15. FEBS J 281(7):19181928.
66. Cunna S et al. (2011) Genetic disassembly and combinatorial reassembly identify a
minimal functional repertoire of type III effectors in Pseudomonas syringae. Proc Natl
Acad Sci USA 108(7):2975-2980.
67. Jakobi AJ and Huizinga EG (2012) A rapid cloning method employing orthogonal end
protection. PLoS One 7(6):e37617.
68. Zheng N, Huang X, Yin B, Wang D and Xie Q (2012) An effective system for detecting
protein-protein interaction based on in vivo cleavage by PPV NIa protease. Protein Cell
3(12):921-8.
69. Rode AB, Endoh T and Sugimoto N Tuning riboswitch-mediated gene regulation by
rational control of aptamer ligand binding properties. Angew Chem Int Ed Eng.
54(3):905-9.
70. Ballmer-Hofer K, Andersson AE, Ratcliffe LE and Berger P. (2011) Neuropilin-1
promotes VEGFR-2 trafficking through Rab11 vesicles thereby specifying signal output.
Blood 118(3):816-26.
71. Gosset G (2005) Improvement of Escherichia coli production strains by modification of
the phosphoenolpyruvate:sugar phosphotransferase system. Microbial Cell Factories
4:14.
72. Patnaik R (2008) Engineering Complex Phenotypes in Industrial Strains. Biotechnol
Progress 24. 38-47.
73. Chou CP (2007) Engineering cell physiology to enhance recombinant protein production
in Escherichia coli. Appl Microbiol Biotechnol 76: 521-532
74. Lee SY, Kim HU, Park JH, Park JM and Kim TY (2009) Metabolic engineering of
microorganisms: general strategies and drug production. Drug Discovery Today 14:78-88
75. Chang MCY and Keasling JD (2006) Production of isoprenoid pharmaceuticals by
engineered microbes. Nat Chem Biol 2:674-681.
76. Chemler JA and Koffas MAG (2008) Metabolic engineering for plant natural product
biosynthesis in microbes. Curr Opin Biotechnol 19:597-605.

23

77. Lee SK, Chou H, Ham TS, Lee TS, and Keasling JD (2008) Metabolic engineering of
microorganisms for biofuels production: from bugs to synthetic biology to fuels. Curr
Opin Biotechnol 19:556-563.
78. Jarboe LR et al. (2010) Metabolic Engineering for Production of Biorenewable Fuels and
Chemicals: Contributions of Synthetic Biology. J Biomed Biotechnol 2010:761042.761060.
79. Pitera DJ, Paddon CJ, Newman JD and Keasling JD (2007) Balancing a heterologous
mevalonate pathway for improved isoprenoid production in Escherichia coli. Metab Eng
9:193-207
80. Alper H, Miyaoku K, and Stephanopoulos G (2005) Construction of lycopeneoverproducing E.coli strains by combining systematic and combinatorial gene knockout
targets. Nat Biotechnol 23:612-616.
81. Berríos-Rivera SJ, Bennett GN and San KY (2002) Metabolic Engineering of
Escherichia coli: Increase of NADH Availability by Overexpressing an NADþDependent Formate Dehydrogenase. Metab Eng 4:217-229.
82. Park JH, Lee KH, Kim TY, and Lee SY (2007) Metabolic engineering of Escherichia
coli for the production of L-valine based on transcriptome analysis and in silico gene
knockout simulation. Proc Natl Acad Sci USA 104:7797-7802.

24

Figures Legends
Figure 1. ACEMBL technology concept. (A) Acceptor and Donor plasmids are shown in a
schematic view (top). The examples shown here are used for multigene delivery in E.coli as
an expression host. Acceptor and Donor vectors contain a LoxP sequence and an identical
Multiple Integration Element (MIE). Promoters (T7 or lac), corresponding terminators and
homing endonuclease (HE) sites (blue strike-through box, Acceptors: I-CeuI; Donors: PISceI) and matching BstXI sites (small blue squares) are indicated. Origins of replication
(Acceptors: BR322; Donors: R6Kγ) are shown. Ap: Ampicillin, Tet: Tetracycline, Cm:
Chloramphenicol, Kn: Kanamycin, Sp: Spectinomycin. The Multiple Integration Element
(MIE) is specific for expression in a prokaryotic host and supports assembly of polycistrons
encoding for several genes controlled by a single pair of promoter and terminator. (B) Outline
of the method (adapted from [33]).
Figure 2. Gene insertion into ACEMBL Acceptors and Donors by SLIC. Gene insertion
into ACEMBL plasmids by sequence and ligation independent cloning (SLIC) is shown in a
schematic representation. Primer DNA oligonucleotides used for PCR are shown as thin bars
with arrows. RBS stands for ribosome binding site. 5’ denotes the five-prime end. Regions of
homology in the Multiple Integration Element (MIE) are shown as boxes filled in gray.
Single gene integration is shown on the left. Multigene integration yielding a polycistron is
depicted on the right. PCR stands for polymerase chain reaction. Exonuclease treatment is
conveniently performed by T4 DNA polymerase in the absence of deoxyribonucleotide
triphosphates (dNTPs) (adapted from [33]).
Figure 3. Cre-LoxP fusion reaction. Mechanism of Cre-mediated DNA fusion is shown in a
schematic representation. Cre enzyme (shape filled in gray) recognizes LoxP sites (marked
by dashed lines and arrow) present on DNA molecules and fuses them in an equilibrium
reaction favoring excision (left). The sequence of the LoxP imperfect inverted repeat is
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displayed (top, right). Cre-LoxP mediated fusion is a one-step reaction requiring a simple
protocol that can be automated. The structure of four copies of Cre enzyme bound to a
Holliday junction reaction intermediate is shown in the inset (adapted from [49]).
Figure 4. ACEMBL combinatorics. Dynamic assembly (Cre) and disassembly (De-Cre) of
Acceptor and Donor plasmids by Cre-LoxP reaction is shown schematically (top). LoxP sites
are drawn as red circles, resistance markers and origins of replication are colored as above
(Fig. 1). White thick arrows denote expression cassettes. AD stands for Acceptor-Donor
fusion. ADD stands for Acceptor-Donor-Donor fusion. Not all possible fusion products are
shown for clarity. Levels of multiresistance for product selection are indicated (top, right).
All reactions occur in a single Eppendorf tube. Fusion products co-exist with educts.
Productive fusion products are selected using (multi)antibiotic challenge, for example on a
96-well micro-titer plate (bottom). Desired Acceptor-Donor fusions are identified according
to their resistance marker ‘bar-code’. Color-coding of antibiotics is listed (bottom, right). LB
stands for Luria-Bertani / lysogeny broth.
Figure 5. Acceptor-Donor fusion arrays. Variants of possible multifusion plasmids are
depicted, containing two (top row), three (middle row), or four (bottom row) educt plasmids
(Acceptor, Donors), each as a single copy. Box filled in red denotes Acceptor (A), Boxes
filled in green, blue and purple denote three Donors (D1, D2 and D3, respectively). The
linear order (starting with A for simplicity) of educts in each (circular) multifusion plasmid is
indicated below the corresponding plasmid map. The number of educt vectors and
compositions are indicated (right).
Figure 6. ACEMBL tool-kits (as of 2014). Prokaryotic and eukaryotic expression systems
derived from ACEMBL technology for multiprotein co-expression (adapted from [31]). Note
that initially, ACEMBL referred to the E.coli system. We have now named the individual
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ACEMBL systems MultiColi for E.coli, MultiMam for mammalian and MultiBac for
baculovirus/insect cell expression.
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Figures
Figure 1. ACEMBL technology concept.

28

Figure 2. Gene integration in ACEMBL Acceptors and Donors by SLIC.
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Figure 3. Cre-LoxP fusion reaction.
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Figure 4: ACEMBL combinatorics.
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Figure 5. Acceptor-Donor fusion arrays.
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