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ABSTRACT

Cyanobacteria are suitable for sustainable, solar-
powered biotechnological applications. Synthetic
biology connects biology with computational
design and an engineering perspective, but
requires efficient tools and information about the
function of biological parts and systems. To enable
the development of cyanobacterial Synthetic
Biology, several molecular tools were developed
and characterized: (i) a broad-host-range BioBrick
shuttle vector, pPMQAK1, was constructed and
confirmed to replicate in Escherichia coli and three
different cyanobacterial strains. (iij) The fluorescent
proteins Cerulean, GFPmut3B and EYFP have been
demonstrated to work as reporter proteins in
cyanobacteria, in spite of the strong background
of photosynthetic pigments. (iiij) Several promoters,
like P.,pg and variants of P, and a version of the
promoter P,. with two operators for enhanced
repression, were developed and characterized in
Synechocystis sp. strain PCC6803. (iv) It was
shown that a system for targeted protein degrad-
ation, which is needed to enable dynamic expres-
sion studies, is working in Synechocystis sp. strain
PCC6803. The pPMQAK1 shuttle vector allows the
use of the growing numbers of BioBrick parts in
many prokaryotes, and the other tools herein imple-
mented facilitate the development of new parts and
systems in cyanobacteria.

INTRODUCTION

Cyanobacteria are sunlight-driven cell factories that can
be harnessed to sustainably produce numerous products,

such as biofuels, foods, feeds and other biomaterials.
They may also serve as nitrogen-fixing biofertilisers or
be employed for their bioremediatory potential (1,2).
Cyanobacteria may use solar energy as their energy
source, CO, from the air as their carbon source, and,
some of them, atmospheric N, as their nitrogen source.
With such favorable basic characteristics, well developed
molecular tools (3), and existing systems biology analyses
(4), cyanobacteria are ideal candidates for a synthetic
biological approach.

For some years the field of Synthetic Biology has been
evolving (5-8), and it is believed to be a future technology
with high impact, connecting several research fields like
genetic engineering, systems biology, protein design and
computational modeling. Synthetic Biology is the design
and construction of new biological parts, devices and
systems, as well as the redesign of existing biological
systems for useful purposes (http://syntheticbiology.org).
Basic principles of Synthetic Biology are:

e the use of standardized and well characterized building
blocks (BioBricks),

e the hierarchical design of nature-inspired, artificial
genetic circuits and proteins in silico, and

e the use of chemical DNA-synthesis which allows pro-
duction of DNA sequences that are not found in
nature.

The BioBrick standard, originally proposed by Knight
in 2003 (9), consists today of thousands of BioBrick parts,
which are available at the ‘Registry of Standard Biological
Parts’ (http://partsregistry.org). Biological parts are e.g.
promoters, ribosome-binding sites, terminators, coding
sequences and replication origins, all in a standardized
format for easy assembly. The parts are flanked by a
standard set of restriction sites and the assembly of
several parts can be performed by established cloning
techniques. With these features a rapid construction of
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newly engineered organisms is possible, and genetic con-
structs can easily be combined and exchanged between
different research groups.

Whereas so far most work in Synthetic Biology has been
done in Escherichia coli, we aim to use the principles of
Synthetic Biology for the design and construction of
cyanobacterial molecular tools (e.g. vectors, promoters),
and to build up a repository of well characterized cyano-
bacterial parts. For the introduction of BioBrick parts
into cyanobacteria, a BioBrick-compatible cyanobacterial
shuttle vector was constructed. This vector contains the
replicon of the broad-host-range plasmid RSF1010,
designed for replication in different cyanobacterial, and
even non-cyanobacterial, strains. The RSF1010 replicon
of the IncQ group (10) is well known for allowing
plasmids to replicate in a large variety of gram negative
bacteria, but there are examples of successful replication
in gram positive bacteria as well (11). In fact, the replica-
tive and conjugal abilities of IncQ type plasmids
make them the most wide-spread bacterial replicons
known (12). This includes, for example, bacteria from
the genus Pseudomonas (13), cyanobacterial genera such
as Symechococcus (14,15), Prochlorococcus (16) and
Agrobacterium tumefaciens (17).

For the rational design of artificial genetic circuits
the behavior of each individual part has to be well
characterized. Promoters, especially, play an important
role in the regulation of genetic circuits. Recently, Kelly
et al. (18) presented a standardized way for promoter
characterization in Relative Promoter Units (RPU),
where the promoter activity is measured in relation to
an in vivo reference standard based on fluorescence
intensities of expressed green fluorescent protein.
However, in cyanobacteria a standardized promoter char-
acterization has not yet been published. Additionally, the
use of fluorescent proteins as reporters has to be
investigated in cyanobacteria, because a high abundance
of photosynthetic pigments could impede the fluorescence
signals. Furthermore, inducible or repressible promoters
are common when working with expression systems based
on E. coli, but rare for cyanobacteria. As shown in this
work, inducible promoters that are frequently used in
E. coli, e.g. Py, and P,,, function rather poorly, or not
at all, in Synechocystis. It is known that the RNA poly-
merases (RNAPs) of E. coli and cyanobacteria have struc-
tural differences and show different expressional behaviors
under the control of a particular promoter (19), which
makes host-dependent characterization necessary. To
keep the regulatory response times of artificial genetic
circuits low, the lifetimes of regulatory proteins (e.g. tran-
scription factors) have to be sufficiently short. A stable
protein may accumulate inside a cell after the promoter
that drives its expression is shut down, and consequently
dependent circuits will not follow the desired regulation.
This problem may be solved by the use of degradation
tags, which cause proteases to degrade the tagged
protein (20,21). In E. coli, degradation tags have been
used successfully in genetic circuits (6), but to our know-
ledge nothing has been published about the use of degrad-
ation tags in cyanobacteria.

In this investigation, a broad-host-range BioBrick
shuttle vector was constructed and tested. Furthermore,
important molecular tools like fluorescent proteins, deg-
radation tags and several constitutive and repressible/
inducible promoters were developed and tested in
cyanobacteria for use in Synthetic Biology approaches.

MATERIALS AND METHODS
Chemicals

BioBrick DNA parts, identified by ‘BB’, and all
BioBrick plasmids, identified by ‘pSB’, were obtained
from the Registry of Standard Biological Parts (http://
partsregistry.org). The GenElute™ Plasmid Miniprep
Kit (Sigma-Aldrich) was used for all plasmid prepar-
ations. For purifications of DNA from agarose gels or
PCR reactions the Illustra DNA and gel band purification
kit (GE Healthcare) was used. For all preparative PCR
reactions the Phusion High Fidelity DNA Polymerase
(Finnzymes Oy) was used, and native Tag polymerase
(Fermentas) was used for colony PCR. Colony PCR for
BioBrick plasmids was performed with the standard
primers VF2 (BBa_G00100) and VR (BBa_G00101). All
restriction enzymes were obtained from Fermentas. The
Quick Ligation Kit (New England Biolabs) was used for
all ligations. All oligonucleotides for PCR amplifications
were purchased from Thermo Fisher Scientific GmbH
(Germany) and are listed in Table 1.

Unless otherwise stated, all chemicals were purchased
from Sigma-Aldrich.

Organisms and growth conditions

Escherichia coli strains DH50, DB3.1 (both Invitrogen)
and HB101 (22), were grown with LB medium at 37°C
rotary shaking at 225rpm, or on agar plates, supple-
mented with relevant antibiotics depending on the
plasmid: pAWGI.1, pRL623 and pSBIAC3 were grown
with  35pg/ml  chloramphenicol, pSBIAK3 and
pPMQAKI were grown with 50pg/ml kanamycin,
pSB1A2 and pRL443 were grown with 100 pg/ml ampicil-
lin. When both pRL623 and pPMQAKI1 were grown sim-
ultaneously in HB101 cells the media were supplemented
with 30 pg/ml chloramphenicol and 25 pg/ml kanamycin.
For promoter characterization, E. coli was grown in M9
minimal medium (23), supplemented with 0.4% (w/v)
glucose.

All cyanobacterial strains were grown in 50ml E-flask
batch cultures at 30°C with continuous shaking in con-
tinuous illumination of 50 pmol photons m~%s~', or on
agar plates. Synechocystis sp. strain PCC 6803
(Synechocystis) was grown in BG11 medium (24), supple-
mented with 50pg/ml kanamycin when containing
pPMQAKI constructs. Nostoc sp. strain PCC 7120
(Nostoc 7120) and Nostoc punctiforme strain ATCC
29133 (N. punctiforme) were grown under nitrogen fixing
conditions in BG11, minimal medium (25), supplemented
with 25pg/ml neomycin when containing pPMQAKI1
constructs.
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Table 1. Oligonucleotides used in this study

Primer Sequence 5'—3' Purpose of primer

PAWGO02-MunI-f
PAWGO02-Kpnl-r
pSBO3-Kpnl-f

TTACAATTGAGTTCTTTTACCCTCAGCCG
GGTAGGTACCATGGTATTACCAATTAGCAGG
CAGGGTACCGCTCTGCCAGTGTTACAAC

Forward primer for RSF1010 origin

Reverse primer for RSF1010 origin

Forward primer for BioBrick cloning site
and antibiotic cassettes

Reverse primer for BioBrick cloning site
and antibiotic cassettes

Forward primer for Ptrc

pSBO3-Munl-r GATCAATTGATTACCGCCTTTGAGTGAGC

BB-Ptrc-20-f1 GGACGAATTGTGAGCGCTCACAATTCGAACG

GTTCTGGCAAATATTC

BB-Ptrc-20-f2 TTTGAATTCGCGGCCGCTTCTAGAGCGAATT Forward primer for Ptrc
GTGAGCGCTC

BB-Ptrc-20-r1 AGCCTGCAGCGGCCGCTACTAGTATGTGTGA Reverse primer for Ptrc
AATTGTTATCC

BBC-lacl-f1 GCCGAATTCGCGGCCGCTTCTAGATGGTGAA Forward primer for Lacl
TGTGAAACCAGTAACG

BBC-lacl-rl TAACTGCAGCGGCCGCTACTAGTATTATTAC Reverse primer for Lacl
TGCCCGCTTTCCAGTC

FP_noCO2 TGGAATTCGCGGCCGCATCTAGAGCAGTCAA Forward primer for PrbcL1A, PrbcL1B, PrbcL1C
TGGAGAGCATTGCCAT

FP_CO2noEcoRI TGGAATTCGCGGCCGCATCTAGAGTCACCAT

TTGGACAAAACATCAGCAATTC

Forward primer for PrbcL2A, PrbcL2B, PrbcL2C

RP_TSP AGCCTGCAGCGGCCGCTACTAGTAGCGAAAT Reverse primer for PrbcL1C, PrbcL2C
TTGGCAATATAAAGCCTAC

RP_noBBRBS AGCCTGCAGCGGCCGCTACTAGTAAAACATT Reverse primer for PrbcL1B, PrbcL2B
GAATAGCCTAGCTTTCTCC

RP_BBRBS AGCCTGCAGCGGCCGCTACTAGTATTTCTCCT Reverse primer for PrbcL1A, PrbcL2A
CTTTAAACATTGAATA

Fexprol124 TGGAATTCGCGGCCGCATCTAGAGTGGTGCA Forward primer for PtrclO
AAACCTTTCGC

Rspprol124 AGCCTGCAGCGGCCGCTACTAGTATGTGTGAA Reverse primer for Ptrc10
ATTGTTATCCGCTC

Fxba CATCTAGAGATGGTGAGCAAGGGCGAG Forward primer for Cerulean

Rbcu TACTAGTATTATTACTTGTACAGCTCGTCCATGC Reverse primer for Cerulean

Rceru GTCGTGCTGCTTCATGTGGT Confirmation primer for Cerulean

REco311 AATGATACCGCGAGACCCAC Reverse primer for protease tag

FBspldcfp AGCTGTACAAGAGGCCTGCT Forward primer for protease tag

VEF2 (BBa_G00100) TGCCACCTGACGTCTAAGAA Forward primer for sequencing/amplifying
BioBrick parts
Reverse primer for sequencing/amplifying BioBrick parts

Confirmation primer for Lacl construct

VR (BBa_G00101)
lacl_flip_rl

ATTACCGCCTTTGAGTGAGC
AACGCGGGAAAAAGTGG

Construction of broad-host-range BioBrick shuttle
vector pPMQAKI

The plasmid DNA fragment necessary for self-replication
corresponding to the 5382-bp sequence in plasmid
RSF1010 (10) defined by primer sequences pAWGO02-
Munl-f and pAWGO02-Kpnl-r (Table 1) was PCR
amplified using the RSF1010 derivative pAWGI.1 as
template (Figure 1). The 2434-bp DNA fragment contain-
ing the BioBrick cloning site and cassettes encoding resist-

from plasmid pSB1AK3 using the EcoRI and Pstl sites
of the BioBrick cloning site, to produce the shuttle
vector pPMQAKI1 carrying the part BBa P1010
(Figure 1). The sequence of the new shuttle vector was
verified by sequencing (Macrogen, Republic of Korea)
and submitted to GenBank (GU933126).

Construction of DNA parts compatible with the
BioBrick standard

ance for ampicillin and kanamycin was PCR amplified
with primers pSB03-Kpnl-f and pSB03-Munl-r (Table 1)
using the plasmid pSBIAK3 carrying the part
BBa_B0015, a double transcriptional terminator, as
template (Figure 1). The pAWGI1.1 and the
pSBIAK3-BBa_B0015 PCR products carry Munl and
Kpnl restriction sites introduced by the primers. Using
these restriction sites, the PCR products were cloned
together to form the plasmid pPMQAKI containing
BioBrick part BBa_B0015.

Finally, the BBa_BO0015 part was exchanged with part
BBa_P1010, encoding the DNA gyrase toxin ccdB (26),

DNA parts compatible with the BioBrick standard (9)
were, unless otherwise stated, obtained with PCR using
forward primers containing the BioBrick prefix (5
gaattcgeggcecgcettetagag 3') and reverse primers containing
the BioBrick suffix (5 tactagtagcggecgetgeag 3') flanked
by a few extra bases to allow for efficient restriction
enzyme digestion (Table 1). PCR products were cloned
into pSB1A2 usually using the restriction enzyme sites
EcoRI and Pstl of the BioBrick cloning site.

The coding sequence for the fluorescent protein
Cerulean was obtained using the Addgene plasmid 15214
(Addgene) as template and primers Fxba and Rbcu. Since
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pSB1AK3-BBa_B0015
3318bp

pPMQAK1-BBa_P1010
8372 bp

Figure 1. Construction of the broad-host-range BioBrick shuttle vector pPPMQAKI1. The shaded 3318-bp DNA fragment of pSBIAK3-BBa_B0015,
which includes the BioBrick cloning site containing part BBa_B0015 flanked by terminators and cassettes conferring resistance against ampicillin and
kanamycin, was amplified with PCR using primers pSB03-Kpnl-f and pSB03-Munl-r (Table 1). The shaded 9281-bp DNA fragment of pAWGI.1,
which includes the replicon derived from RSF1010, was amplified with PCR using primers pAWGO02-Munl-f and pAWGO02-Kpnl-r (Table 1).
Intermediate plasmid pPMQAKI1-BBa_B0015 (data not shown) was formed by digesting the two DNA fragments with Kpnl and Munl and
joining the resulting fragments. Finally, BioBrick part BBa_B0015 was exchanged with part BBa_P1010 to produce the pPMQAKI-BBa_P1010
plasmid. Abbreviations: BioBrick (BioBrick cloning site), T (double transcriptional terminator BBa_B0015), AmpR (ampicillin resistance cassette),
KmR (kanamycin resistance cassette), CmR (chloramphenicol resistance cassette), RepA, RepB and RepC (replication proteins A, B and C), MobA,
MobB and MobC (mobilization proteins A, B and C), OriV (vegetative origin of replication), GFP (green fluorescent protein), P,z (petE promoter)

and S (ligation site of the two DNA fragments).

the primers only contained truncated versions of the
BioBrick prefix and suffix (Table 1), Xbal and Spel were
used to clone the PCR product and primer Rceru was used
together with VF2 for colony PCR to confirm the correct
insertion of Cerulean in the plasmid.

For obtaining /acl, the gene encoding the /ac repressor,
genomic DNA from E. coli strain JM107 (27) was used as
template with primers BBC-lacl-fl and BBC-lacl-rl.
Primer BBC-lacl-f1 changes the guanine in the native
GTG start codon to an adenine, producing an ATG

start codon. Primer BBC-lacl-rl changes the native
TGA stop codon to two TAA stop codons. For
complete sequence of the mutated /acl see Supplementary
Data.

Different variants of the promoter for the large subunit
of Rubisco, P,,.;, were constructed by PCR using
genomic DNA from Synechocystis as template. The con-
struction details of the rbcL promoter variants that follow
are illustrated in Figure 2A and B. The rbcL2A promoter,
P,ycroa, Was composed by the sequence from —277 to
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Figure 2. Construction of the rbcL promoter variants and the structure of P,.;o and P,..o0. (A) The upstream region (277 to —1, relative to the
ATG) of the rbcL gene in Synechocystis sp. strain PCC 6803. a: predicted NtcA-binding site (57), b: putative —10 element (57), c: putative —35
element (56), d: —10 element (56), e: putative ribosome-binding site (RBS) (56), f: start codon ATG of the rbcL gene. The variants ‘I’ (Pper14,
Prper1B, Proeric) lack the predicted NtcA-binding site and the AT-rich region upstream (277 to —215, relative to the ATG of the rbcL gene), whereas
in the variants 2’ (P.peron, Prveran, Procroc) it is present. In the variants ‘A’ (P,per1a. Proczoa) the BioBrick RBS (black box), replacing the native
RBS, was introduced on the primer, whereas in the variants ‘B’ (P,s.; 18, Prser28) the BioBrick RBS was attached by standard assembly, resulting in
an additional 8-bp scar (TACTAGAG, gray box). The variants ‘C’ (P,pcr105 Prperoc) lack part of the 3’-end (—48 to —18, relative to the ATG of the
rbeL gene), and the RBS (black box) is attached by standard assembly, resulting in an additional 8-bp scar (TACTAGAG, grey box) as in the
variants ‘B’. (B) Alignment of the rbcL promoter variants ‘A’, ‘B’ and ‘C” at the 3’-end. The first 48 bp of the rbcL gene upstream of the ATG and
the consensus SI11594 (NdhR) DNA-binding motif TCAATG(N10)ATCAAT are shown as references. The consensus S111594 (NdhR) DNA-binding
motif is underlined, the consensus LysR-type motif T(N11)A in black boxes, the putative native RBS and the BioBrick RBS in bold/italic, the 8-bp
scar in gray boxes, and the start codon ATG boxed. (C) The structure of P,..10 and P,.0. In P10, the =35 (TTGACA) and —10 (TATAAT)
elements are divided by a 17-bp spacer. The 21 bp Ol lac operator is located 6-bp downstream of the —10 element. In P,..»0, the 20 bp ideal Oid lac

operator is located 34-bp upstream of the —35 element. The distance between the middle of the two operators is 88 bp.

—18bp upstream the rbcL start codon, making it the
longest version of the rbcL promoters, with the RBS
added directly to the 3’-end using PCR. P,,.;op was
composed of the same sequence as P,,.;-a, but the RBS
was added using normal BioBrick assembly, creating an
8-bp scar sequence between the promoter and the RBS.
P.y.roc was composed of a shorter sequence of the
promoter, stretching from 277 to —49 relative to the
rbeL start codon, and the RBS was added as for P,,.;p,
producing a scar sequence. An AT-rich element was
observed between —250 and -215bp upstream of the
rbeL start codon. To determine the effect of this element
on the rbcL promoter activity, it was excluded from the
promoters P,pe.r1a> Prveris and Poyer1c. These three pro-
moters were designed as the P,yer0a, Properop and Pryeroc
promoters, respectively, except that they all start at
—214bp upstream the rbcL start codon instead of at

—277bp. P.per1a Was produced with primers FP_noCO2
and RP_BBRBS, P,.g with FP noCO2 and
RP_noBBRBS, P,,.;ic with FP_noCO2 and RP_TSP,
P.peioa with FP_CO2noEcoRI and RP_BBRBS, P,;.;:5
with FP_CO2noEcoRI and RP_noBBRBS, and P,;.;>c
with FP_CO2noEcoRI and RP_TSP (Table 1). In the
primer FP_CO2noEcoRI an EcoRI restriction site in the
native upstream region of rbcL was removed by changing
the sequence to CAATTC. For all sequences of the rbcL
promoter variants see Supplementary Data.

The promoters P,,..10, the trc promoter which contains
one lac operator (28), and P,..»o, a modified version of
P,.0 with two lac operators (this work), were both
produced using the plasmid pTrc99A as template. P10
was obtained with primers Fexprol124 and Rspprol124.
The P,..»0 promoter was constructed in two consecutive
PCR steps; first primers BB-Ptrc-20-f1 and BB-Ptrc-
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Table 2. BioBrick parts and plasmids

BioBrick part

Description

Source

Cerulean
Lacl

PrbcL1A, B and C

PrbcL2A, B and C
Ptrc10
Ptrc20
PrnpB

ccdB

Double terminator

Ribosome-binding site

Plac

Ptet

Pr

Promoterless
GFPmut3B reporter
construct

Promoterless EYFP
reporter constructs
with or without
protease degradation
tags

pPMQAKI1

pSB1A2
pSBIAC3

PSBIAK3

Coding sequence of the Cerulean fluorescent protein, obtained by PCR

Variant of the /ac repressor with the start codon GTG changed to ATG,
and the stop codon TGA changed to TAATAA. Obtained by PCR

Different versions of the promoter for the large subunit of Rubisco,
where an AT-rich upstream region has been excluded. Obtained by
PCR

Different versions of the promoter for the large subunit of Rubisco where
an AT-rich upstream region has been included. Obtained by PCR

The trc promoter (28), which contains one /ac operator. Lacl repressible,
obtained by PCR

A modified version of Ptrc10 with two /ac operators. Lacl repressible,
obtained by PCR

Promoter of the rnaseP gene. Synthesized DNA

DNA gyrase toxin ccdB

Double transcriptional terminator

Ribosome-binding site

Wild-type promoter of the E. coli lacYZA operon. Lacl repressible

TetR repressible promoter

Based on the pR promoter, repressible by the cl repressor

Contains the ribosome-binding site, the GFPmut3B gene (BBa_E0040)
and the double terminator

Contains the ribosome-binding site, the EYFP gene without (BBa_E0030)
or with protease degradation tags from the ssr4 system, and the double
terminator

Broad-host-range shuttle vector constructed from the RSF1010 replicon of
pAWGI.1, and the BioBrick cloning site and the two antibiotic resist-
ance cassettes for ampicillin and kanamycin from pSBIAK3

High copy number plasmid (E. coli) with BioBrick cloning site and
ampicillin resistance

High copy number plasmid (E. coli) with BioBrick cloning site and
ampicillin and chloramphenicol resistance

High copy number plasmid (E. coli) with BioBrick cloning site and

This work. Template: plasmid Addgene

15214 (Addgene)

This work. Template: Genomic DNA
from E. coli strain JM107 (27)
This work. Template: Synechocystis

genomic DNA

This work. Template: Synechocystis

genomic DNA

This work. Template: plasmid pTrc99A
This work. Template: plasmid pTrc99A

This work. Template: Synechocystis

genomic DNA
BBa_P1010 (Registry)
BBa_B0015 (Registry)
BBa_B0034 (Registry)
BBa_R0010 (Registry)
BBa_R0040 (Registry)
BBa_R0051 (Registry)
BBa_I13504 (Registry)

BBa_E0430, BBa_E0436, BBa_E0434
and BBa_E0432 (Registry)

This work

pSBI1A2 (Registry)
pSBIAC3 (Registry)

pSBIAK3 (Registry)

ampicillin and kanamycin resistance

Registry = Registry of Standard Biological Parts.

20-r1 were used to add on the second /lac operator,
leading to the same inter-operator distance as for a previ-
ously constructed Lacl repressible promoter (29). Then
the first PCR product was used with primers BB-Ptrc-
20-f2 and BB-Ptrc-20-r1 to add on the BioBrick
cloning site (Figure 2C). For sequences of P,.;o and
P,.o0, see Supplementary Data.

The rnpB promoter, P,,g, from the Ribonuclease
P gene of Synechocystis (CyanoBase, http://genome
kazusa.or.jp/cyanobase,  Symechocystis  sp.  strain
PCC6803, chromosome: 152958153 165) was synthesized
with BioBrick prefix and suffix by Epoch BioLabs, Inc.

All parts are summarized in Table 2.

Assembly constructs made of BioBrick Standard
Biological Parts

Constructs of parts conforming to the BioBrick standard
were produced using standard cloning techniques with the
BioBrick restriction enzymes EcoRI, Xbal, Spel and PstI,
as described in the original BioBrick proposition (9), or
using the three antibiotic assembly technique (3A
assembly) (30). The 3A assembly makes use of three

BioBrick plasmids with different antibiotic resistance
cassettes and the negative selection marker ccdB
(BBa_P1010), a DNA gyrase toxin (26). The technique
allows for iterative directional assembly of two parts
into a third recipient vector without insert or vector gel
purification steps, effectively speeding up the cloning
process. A strain resistant to the ccdB toxin, such as
DB3.1, is required to propagate a ccdB expressing
plasmid.

To produce GFPmut3B (BBa_E0040) reporter con-
structs for testing promoter strengths, the promoters Py,
(BBa_R0010), P, (BBa_R0040), Pr (BBa_R0051), P,..10,
Pll‘L’ZO) PrbcLlB’ PrbcLlCa PrbL’LZB, Prb(?LZC and Pran were
assembled with a promoterless GFPmut3B reporter con-
struct (BBa_I13504 carried by pSB1A2) into pSBIACS3.
P.eria and P,,.roa, Which already contain the BioBrick
RBS (BBa_B0034), were assembled with a GFPmut3B
reporter construct, which lacks the RBS (BBa_I13401
carried by pSB1A2), into pSB1AC3.

To characterize the Lacl repressible promoters P;..i0
and P,..»o two cassettes for lacl expression, consisting of
a double terminator (BBa_B0015), a promoter driving lacl



transcription (either P,,,,z or P,.124), a ribosome-binding
site (BBa_B0034), the BioBrick standardized lacl gene
(this work) and a double terminator (BBa_B0015), were
assembled into pSB1AK3. For avoiding read-through
transcription affecting the promoter characterization the
lacI cassettes were set in opposite direction next to the
P,.0 or P,.oo GFPmut3B reporter constructs in
pSBIAC3. This was done by opening each pSB1AC3
reporter plasmid with Xbal, extracting the lacl cassette
with Xbal and Spel from pSB1AK3, inserting it into the
open Xbal site of the pSBIAC3 reporter plasmid, and
identifying clones containing the reversely inserted cas-
settes with PCR using primers VF2 and lacl_flip_rl
(Table 1). The first double terminator in the lacl cassettes
was inserted to spatially separate the promoter of the /lac/
cassette from the promoters to be tested, in order to
reduce possible crosstalk.

To test the function of different fluorescent proteins,
P,..10 was assembled with a ribosome-binding site
(BBa_B0034), the Cerulean fluorescent protein and a
double terminator (BBa_B0015), or with a promoterless
enhanced yellow fluorescent protein (EYFP) reporter con-
struct (BBa_E0430), into pSB1AC3. Furthermore, to char-
acterize the effect of protease degradation tags that cause
degradation by the ClpXP and CIpAP cytoplasmic prote-
ases (20,21), P,..;0 was assembled with three different
versions of promoterless EYFP reporter constructs differ-
ing in the C-terminal ssr4 protease degradation tags
of EYFP: EYFP-ASV (BBa_E0436), EYFP-AAV
(BBa_E0434) and EYFP-LVA (BBa_E0432), into
pSB1AC3.

Finally, all reporter constructs were transferred from
the pSBIAC3 plasmid to the pPMQAKI1-BBa_P1010
broad-host-range shuttle vector using the EcoRI and
PstI of the BioBrick cloning site.

Since all reporter constructs contain the same ribosome
binding site and the same double terminator, reporter con-
structs will henceforth be referred to as ‘promoter name’—
‘fluorescent protein name’, unless otherwise stated.

All constructed assemblies are summarized in Table 3.

Triparental mating—conjugal transfer of
plasmid DNA

Triparental mating, based on a previously described pro-
cedure (31), was used to transfer the shuttle vector
pPMQAKI, containing different constructs, to the cyano-
bacterial cells. Escherichia coli HB101 cells with the
conjugal plasmid pRL443 and, for Synechocystis and
N. punctiforme, E. coli DH5a cells with the cargo
plasmid pPMQAKI, or, for Nostoc 7120, E. coli HB101
cells containing both the helper plasmid pRL623 and the
cargo plasmid pPMQAKI1, were grown over-night until
stationary phase. The pRL623 plasmid contains the
M.Aval methylase that will methylate Aval, II and III
target sites, protecting pPPMQAKI from the native Aval,
IT and III restriction enzymes of Nostoc 7120 which would
otherwise lower the conjugation efficiency (32). Before
conjugation, the cultures of the filamentous strains
Nostoc 7120 and N. punctiforme were fragmented by son-
ication. For this, the collected culture was resuspended
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Table 3. Constructed assemblies

Construct name Description

Plac-GFP GFPmut3B reporter construct for characteriza-
tion of the promoter Py,

Ptet-GFP GFPmut3B reporter construct for characteriza-
tion of the promoter P,

PR-GFP GFPmut3B reporter construct for characteriza-

tion of the promoter Pr

Construct for characterization of Cerulean
fluorescence

GFPmut3B reporter construct for characteriza-
tion of the promoter P,.. 0, also used for
characterization of GFPmut3B fluorescence
and determination of pPMQAKI replicative
ability

Construct for characterization of EYFP fluor-
escence, and as negative control for charac-
terization of protease degradation tags

Construct for characterization of protease
degradation tagss

Construct for characterization of protease
degradation tags

Construct for characterization of protease
degradation tags

GFPmut3B reporter construct for characteriza-
tion of the promoter P,..o0

GFPmut3B reporter construct for characteriza-
tion of the promoter P,y.r1a

GFPmut3B reporter construct for characteriza-
tion of the promoter P,p.;p

GFPmut3B reporter construct for characteriza-
tion of the promoter P,,.; ¢

GFPmut3B reporter construct for characteriza-
tion of the promoter P,p.roa

GFPmut3B reporter construct for characteriza-
tion of the promoter P,,.ro8

GFPmut3B reporter construct for characteriza-
tion of the promoter P,,.;>¢

Ptrc10-Cerulean

Ptrc10-GFP

Ptrc10-EYFP

Ptrc10-EYFP-ASV
Ptrc10-EYFP-AAV
Ptrc10-EYFP-LVA
Ptrc20-GFP
PrbcL1A-GFP
PrbcL1B-GFP
PrbcL1C-GFP
PrbcL2A-GFP
PrbcL2B-GFP

PrbcL2C-GFP

PrnpB-GFP GFPmut3B reporter construct for characteriza-
tion of the promoter P,,,z
PrnpB-Lacl Cassette for expression of the /ac repressor

using the promoter P,,,z (low expression)
Cassette for expression of the /ac repressor
using the promoter P,,.;54 (high expression)

PrbcL2A-Lacl

All constructs were moved from the plasmid pSBIAC3 to the
pPMQAKI shuttle vector for subsequent transfer to cyanobacteria.

with 3ml BG11, in 10-ml glass tubes, and then sonicated
on ice for 30 s with 1-s pulses with an effect of about 7W
using a Sonics Vibracell instrument. This was repeated
four times for each culture with about 1min rest
at room temperature in between. After sonication vis-
ual inspection by light microscopy showed that the
majority of the cells were unicellular, with very few
bicellular fragments and some cell debris. For recovery
the sonicated cells were resuspended in 25ml BGI11
and incubated at 30°C under low-light conditions
overnight. Triparental mating was then performed as
described (31).

Determination of pPMQAKT1 replicative ability in
cyanobacteria using a GFPmut3B reporter

Wild-type cultures, or cultures carrying the pPMQAKI-
Ptrc10-GFP reporter construct, of Synechocystis, Nostoc
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7120 and N. punctiforme, were imaged using a Leica TCS
SPS5 confocal microscope and a HPX PL Fluotar
40.0 x 0.75dry objective. GFPmut3B was excited with
488-nm laser light and the emission detected between
500 and 540nm. To visualize the cells, independently
of GFPmut3B fluorescence but in the same focal plane,
the phycobilisomes and photosystem II complexes
were excited with 543-nm laser light and the red
auto-fluorescence emission was detected between 650
and 690 nm as described previously (33). For producing
non-confocal reference images of the cells, an additional
channel with a differential interference contrast (DIC)
set-up was used.

Measurement of spectra of fluorescent proteins

The excitation and emission spectra of the fluorescent
proteins expressed in Synechocystis were measured using
a Horiba Fluorolog-3 fluorometer (Jobin Yvon). Because
of the wavelength-dependent transmission of excitation
and emission monochromators and the wavelength-
dependent sensitivity of the detector R928P PMT, all
spectra were corrected using the reference channel. All
measurements were done in a 1 x lcm optical quartz
cuvette and in the linear range of the instrument. For a
better signal-to-noise ratio, the absorbance of the cells at
the maximum excitation wavelength of the fluorescent
proteins Cerulean, GFPmut3B, or EYFP, respectively,
was measured with a Cary 5000 UV-Vis-NIR spectropho-
tometer (Varian) and set to 0.3 by dilution with BG11
medium. The signal-to-noise ratio was further improved
2-fold by averaging the scans of each sample four times.
Fluorescence measurements of Synechocystis cells only
containing the empty shuttle vector pPMQAK1 were sub-
tracted as background; the spectra were normalized at the
highest peak of the spectrum to 100%.

To determine the optimal excitation and emission wave-
lengths for each fluorescent protein, three spectra had to
be measured in the following order: one spectrum for the
determination of a preliminary emission maximum, one to
get the optimal excitation wavelength and one to get the
optimal emission wavelength.

Promoter and degradation tag characterization

The absorbance and fluorescence measurements for
promoter and degradation tag characterization were
carried out, if not otherwise stated, using a Plate
Chameleon V Microplate Reader (Hidex, referred to as
Chameleon). A 595nm filter (595 + 10 nm) was used for
the absorbance measurements of E. coli cultures, and a
750nm filter (750 £ 10nm) for Synechocystis cultures,
respectively. For the measurement of the GFPmut3B or
EYFP fluorescence a 485nm excitation filter (485 +
10nm) and a 540 nm emission filter (540 + 20 nm) were
chosen. Microtest 96-well Optilux Black Assay Plates
with clear flat bottom (Ref 353293, BD Falcon) were
used for the measurements in order to minimize optical
interference between wells. For data analysis, the back-
ground (M9 or BG11 medium) was subtracted from the
measured values, and the fluorescence was divided by the
absorbance, representing the average fluorescence per cell.

Also, the fluorescence per cell values of cells only contain-
ing the empty shuttle vector pPPMQAKT1 were subtracted
from the values of the cells carrying the reporter con-
structs. These values represent either the specific
promoter activity, i.e. promoter activity by means of
GFPmut3B fluorescence intensity and per cell, or specific
EYFP fluorescence intensity, i.e. EYFP fluorescence inten-
sity per cell. All the measurements were in the linear range
of the instrument.

For the measurement of the GFPmut3B fluorescence
intensities of the Synechocystis cultures in Figure 6, the
Horiba Fluorolog-3 fluorometer was used instead of the
Chameleon because of better sensitivity. The absorbances
of the Synechocystis cultures were measured at 750 nm
with the Cary 5000 UV-Vis-NIR spectrophotometer and
adjusted to 0.1 with BG11 medium. The excitation wave-
length of the fluorometer was set to 500nm and the
emission wavelength to 514 nm, otherwise the same instru-
ment settings were used as for the excitation and emission
spectra measurements.

A seed culture of E. coli DHS5o cells containing
the GFPmut3B (BBa_E0040) reporter constructs for
promoter characterization or an empty shuttle vector
pPMQAKI1 were grown in M9 medium supplemented
with 0.4% (w/v) glucose and 50 pg/ml kanamycin for
16 h, at 37°C, and shaking at 250 rpm. Three tubes con-
taining 5ml fresh M9 medium supplemented with 0.4%
(w/v) glucose and 50 pg/ml kanamycin were inoculated
with the seed culture to an initial absorbance
ADbSs951m = 0.01, and grown under the same conditions
as the seed culture. After Sh, 100 ul of each culture were
collected, diluted with the same volume of M9 medium,
and absorbance and fluorescence were measured as tripli-
cates for each sample. For induction experiments, 1 mM
IPTG was added to the medium, if not otherwise stated.

A seed culture of Symechocystis cells containing the
GFPmut3B (BBa_E0040) reporter constructs for
promoter characterization or an empty shuttle vector
pPMQAKI1 were grown in 20ml BG11 medium supple-
mented with 50 ug/ml kanamycin for 4 days, at 30°C,
shaking at 120 rpm, and under continuous illumination
of approximately 50pumol photons mZs'. Three
E-flasks containing 20ml fresh BGI1 medium with
50 ug/ml kanamycin were inoculated with the seed
culture to an initial absorbance Abs;sg,m = 0.01, and
grown under the same conditions as the seed culture.
After 48h, 50 pl of each culture were collected, diluted
with 150 ul of BG11 medium, and absorbance and fluor-
escence were measured as triplicates for each sample. For
induction experiments, 2mM IPTG was added to the
medium, if not otherwise stated.

Total protein extraction and western blot analysis

A volume of 25ml Synechocystis culture containing
the GFPmut3B (BBa_E0040) reporter constructs for
promoter characterization or an empty shuttle vector
pPMQAKI were collected and re-suspended in extraction
buffer containing S0 mM Tris—-HCI pH 7.8, 0.1% Triton
X-100, 0.02% SDS, 1.42mM f-mercaptoethanol and one
tablet of a protease inhibitor cocktail (Complete Mini,



EDTA-free, Roche). The cells were disrupted using
0.6mm diameter sterile acid washed glass beads in a
Precellys 24 homogenizator (Bertin Technologies), and
the total protein extract was collected from the super-
natant after centrifugation and stored at —20°C until
further analysis. Twenty-five micrograms total protein
extract of each sample was separated on a SDS (0,1%,
w/v) polyacrylamide (12%, w/v) gel by electrophoresis
and the resulting gel was stained with Coomassie Blue
or transferred to a Hybond ECL™ nitrocellulose
membrane (GE Healthcare) with the transfer buffer con-
taining 39 mM glycine, 48 mM Tris, 0.0375% (w/v) SDS
and 20% methanol in a TE 22 tank transfer unit
(Amersham  Bioscience). After the transfer, the
membrane was blocked with milk T-TBS [TBS with
0.1% (v/v) Tween 20 and 5% (w/v) Blotting grade
non-fat dry milk powder (Bio-Rad, Inc.)] for 1h. The
membrane was incubated with the primary anti-GFP,
N-terminal antibody produced in rabbit (Sigma G1544)
diluted 1:4000 in T-TBS, for 1h and washed once with a
generous amount of T-TBS then washed three times
10min with T-TBS. After washing, the membrane was
incubated with ECL™ donkey-anti-rabbit IgG linked to
horseradish peroxidase as the secondary antibody, diluted
1:5000 in T-TBS, for 1 h. Then, the membrane was washed
three times 10 min with T-TBS before detection with the
ECL™ western blotting analysis system (GE Healthcare).

RESULTS

Construction of the broad-host-range vector pPMQAKI1
and determination of pPMQAKTI replicative ability
in cyanobacteria

The DNA fragment corresponding to the replicon of
RSF1010 from plasmid pAWGI.1 and the fragment cor-
responding to the BioBrick cloning site including part
BBa_B0015, ampicillin and kanamycin resistance cas-
settes, from plasmid pSBIAK3 were amplified by PCR,
digested and ligated to form plasmid pPMQAKI-
BBa_B0015. Subsequently, part BBa_B0015 was excised
and part BBa_P1010 was inserted to form plasmid
pPMQAKI1 (Figure 1). The sequence of the vector
pPMQAKI1 was determined by sequencing and submitted
to GenBank (GU933126). The sequencing revealed an in-
sertion and deletion in the gene coding for replication
protein C, repC, which lead to a short frameshift and
causing three amino acids to be mutated.

For investigation of the replicative ability of
pPMQAKI1 in different cyanobacteria, the reporter
construct consisting of pPMQAKI-Ptrcl-GFP was
transferred into  Symechocystis, Nostoc 7120 and
N. punctiforme by triparental mating. To determine if
the plasmid could successfully replicate inside the cells
the transconjugates were imaged by laser scanning
confocal microscopy to detect GFPmut3B fluorescence
caused by the reporter construct. As a focus and cell
integrity control, red auto-fluorescence from the phyco-
bilisomes and photosystem II complexes was imaged
in the same focal plane as the GFPmut3B fluorescence.
To show all cells independently of fluorescence, a

Nucleic Acids Research, 2010, Vol. 38, No.8 2585

non-confocal DIC image was taken. GFPmut3B fluores-
cence was clearly detected in all three species, whereas no
or very little fluorescence in the GFPmut3B emission
wavelength range could be observed in any of the
wild-type controls (Figure 3). pPMQAKI-Ptrcl-GFP
could be successfully maintained by all three cyanobacter-
ial strains for at least three months (longest time tested)
as judged by the continuous presence of GFPmut3B
fluorescence, when cultures were grown under antibiotic
selection pressure.

Fluorescent proteins in Synechocystis

The excitation and emission spectra of three replicates of
the three fluorescent proteins Cerulean, GFPmut3B and
EYFP expressed by P,..10 in Synechocystis were recorded
(Figure 4). The maximum excitation wavelengths of
Cerulean, GFPmut3B and EYFP were measured as 433,
505 and 515nm, respectively. The maximum emission
wavelengths of Cerulean, GFPmut3B and EYFP were
measured as 477, 514 and 529 nm, respectively. At the
maximum excitation and emission wavelength, the ratios
of the fluorescence intensities per cell of Cerulean,
GFPmut3B and EYFP were 1:1.2:3.

Promoter characterization in E. coli and Synechocystis

For the characterization of different promoters in E. coli
and the cyanobacterium Synechocystis the promoters
were cloned into a reporter construct with GFPmut3B
as a reporter protein, and the promoter strength was
measured as fluorescence intensity. A western blot analysis
of extracted and by SDS-PAGE separated proteins con-
firmed that the measured fluorescence intensities reflect the
actual protein concentration of the reporter protein in the
cells (Figure 5).

In E. coli DHS5a, the specific promoter activities of
the promoters P,..;0, P, Pue and Py in relation to
P,.,p were 881, 649, 274 and 48, respectively (Figure 6
and Table 4). The P,z construct in E. coli DH5ua
showed very low but detectable fluorescence measured
by the Chameleon multi plate reader.

However, in Synechocystis the Chameleon multi plate
reader could not detect the fluorescence of the constructs
with the promoters P,., Pr and P,, By using the
Fluorolog-3 fluorometer, which can excite and detect
emission at optimal wavelengths, the fluorescence of the
P,., construct was detectable, but P, and Py still showed
no fluorescence. In Synechocystis, the specific promoter
activities of the promoters P,..;o and P, in relation to
P,,,5 were 78 and 0.5, respectively (Figure 6 and Table 4).

For the design of genetic circuits the control of protein
expression is of great importance. The promoter P,..io
shows strong expression in Synechocystis, and can be
repressed by the Lacl protein and induced by the lactose
analog IPTG. Due to the lack of the /acl/ gene in the
Synechocystis genome, lacl was expressed on a plasmid
by a constitutive and medium strength promoter. To
find a suitable promoter, the promoter P,z and six
variants of P, all derived from native Synechocystis
genes, were characterized by measuring the fluorescence
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Figure 3. Replicative ability of pPMQAKI in cyanobacteria. To deter-
mine the ability of pPPMQAKI for replication in the cyanobacteria
Synechocystis sp. strain PCC 6803, Nostoc sp. strain PCC 7120 and
N. punctiforme strain ATCC 29133, a P,.0-GFP (GFP) reporter
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Figure 4. Comparison of excitation and emission spectra of the fluor-
escent proteins Cerulean, GFPmut3B and EYFP in cyanobacterial
background. Background-subtracted excitation (solid line) and
emission (dotted line) spectra of the fluorescent proteins Cerulean
(blue), GFPmut3B (green) and EYFP (black) expressed in
Synechocystis sp. strain PCC 6803.

of the reporter protein GFPmut3B (Figure 5SA and Table
5).

The specific promoter activities of the promoters
Prb(fL2Aa Prth2Ca PrthlAa Prh('LlBa Prh('LlC and PrbcLZB in
relation to P,z were 19, 10, 9, 5, 4 and 1, respectively
(Figure 5A and Table 5). Based on these results, the con-
centration of Lacl in the cells should be around 20 times
higher when using P,.;oa for lacl expression compared to
expression by P,,, .

In order to obtain a strong, inducible expression system
for Synechocystis, the lac repressor, expressed by the pro-
moters P,,,g 0r Pyyer24, Was cloned into the same plasmid,
but in opposite direction, as the GFPmut3B reporter con-
structs with the promoters P;..i0 or P,.»o (Figure 2C).
In addition to the operator Ol in P,.. 0, P20 contains
a second operator (Oid) that has a higher affinity to the
Lacl repressor than operator Ol. These constructs were
characterized in E. coli DH5a (this strain is normally not
expressing Lacl) and Synechocystis without and with
induction by IPTG, and compared to the constructs
without repressor expression.

In E. coli, the two promoters show similar expression in
constructs without the repressor and under induced con-
ditions when the repressor is expressed. With expressed
Lacl and without IPTG, P,. o could be repressed
22-fold, whereas P,..,o was repressed 10-fold (Figure 7).

In Synechocystis, the P,..o showed slightly higher
expression than P,,.o in constructs without the repressor.

construct was inserted into the vector which was subsequently
transferred to the cyanobacterial cells by the means of triparental
mating. GFP: GFPmut3B fluorescence of wild-type cultures or
cultures containing the pPMQAKI-GFP reporter constructs. DIC+
Red: Control, red autofluorescence stemming from phycobilisomes
and photosystem II complexes superimposed with a transmission
image in DIC mode. Abbreviations: WT, wild-type; GFP, green fluor-
escent protein; DIC, differential interference contrast; Red, red auto-
fluorescence.
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Figure 5. Specific activities of the six rbcL promoter variants and
confirmation of fluorescence measurements by SDS-PAGE/western
blot analysis (A) Specific activities of the six rbcL promoter variants
in comparison to P,z and P,.o. The activities were measured by
means of GFPmut3B fluorescence and divided by the absorbance of
the cultures at 750 nm. The data represent mean = SD of triple meas-
urements of three independent cultivations. (B) Coomassie-stained
SDS-PAGE of total proteins extracted from Synechocystis sp. strain
PCC 6803 cultures that expressed the GFPmut3B reporter constructs
of the six rbcL promoter variants, P,z and P, o, respectively.
(C) Western blot analysis of the same samples as in (B) using
anti-GFP, N-terminal, antibodies.

With the repressor expressed by P,,,p Puco Was re-
pressed to 75% of the activity without repressor and
then induced 1.6-fold. P,..,o was repressed to 3% of its
activity without repressor and then induced 4-fold.
However, this activity under induced conditions corres-
ponds to only 7.5% of its activity without repressor
(Figure 8 and Table 6).

These results illustrate two major problems: Even
though P,..;o showed high expression under induced con-
ditions, the rate of repression is not satisfying. P,...o0 on
the other hand, can be strongly repressed, but could not be
induced back to the level without repressor.
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Figure 6. Specific promoter activities of P10, Piacs Prer» Pr and P,,p
in E. coli DH5a (white bar) and Synechocystis sp. strain PCC 6803 cells
(black bar). The activities were measured by means of GFPmut3B
fluorescence and divided by the absorbance of the cultures at 595nm
(E. coli) or 750nm (Synechocystis), respectively. The data represent
mean + SD of triple measurements of three independent cultivations.

Table 4. Specific promoter activities from Figure 6 in units relative to
Pran

Host strain Promoter activity relative to Ppp

Ptr('lO PlaL' Ptel PR Pran
E. coli 881 649 274 48 1
Synechocystis 78 ND 0.5 ND 1

ND, not detected.

Table S. Specific promoter activities in Synechocystis from Figure SA
in units relative to P,z

PtrClO Prh(LlA PrbCLlB PrbcLlC PrthZA PrhCLZB PrhCLZC Pran

83 9 5 4 19 1 10 1

For further investigation, both the repressor and the
inducer concentration were varied. In order to get higher
repression, the stronger promoter P,,.;>4 Was used instead
of P,,, for the expression of Lacl. However, only a small
effect of higher repressor concentrations in the cells was
visible (Figures 8, 9 and Table 6). For higher induction,
the IPTG concentration in the medium was increased up
to 10mM. P;..;0 showed maximal expression already at
0.3mM IPTG, and also the expression of P,,..»o could not
be increased significantly even with high IPTG concentra-
tions (Figure 9).

Degradation tags in Synechocystis

For the characterization of degradation tags, variants of
EYFP, tagged with the degradation tags ASV, AAV or
LVA, respectively, were expressed in Synechocystis, and
the fluorescence of accumulated EYFP was measured.
The cultures which expressed EYFP without tag showed
highest fluorescence, and the signal of the cultures
with tagged EYFP decreased in the following order
(Figure 10): EYFP-ASV, EYFP-AAV, EYFP-LVA.
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Table 6. Specific promoter activities in Synechocystis from Figure 8 in units relative to P,z

IPTG (mM) P"'t'lo Prrt'ZO Pr‘an PI‘/)('LZA
Lacl not Lacl expressed LacI not Lacl expressed Lacl expressed
expressed by P””[’B expressed by Pran by Pr‘ln'LZA
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Figure 7. Specific promoter activities of P,.;o and P,.o in E. coli
DH5a without () and with (+) the expressed lac repressor under
non-induced (black bars) and induced (gray bars) conditions. The
activities were measured by means of GFPmut3B fluorescence and
divided by the absorbance of the cultures at 595 nm. The data represent
mean + SD of triple measurements of three independent cultivations.
The lac repressor was expressed on the same plasmid as the GFPmut3B
reporter constructs under the control of P.,pp. Induction was done by
ImM IPTG.

DISCUSSION

The BioBrick compatible broad-host-range vector
pPMQAKI1 was constructed and shown, by the means
of plasmid-bound GFPmut3B expression, to be able to
replicate and express GFPmut3B in four different species:
E. coli and the cyanobacterial strains Synechocystis,
Nostoc 7120 and N. punctiforme. pPMQAKI1-Ptrc1-GFP
was stably maintained in all three cyanobacterial strains
for at least three months (the longest time tested) when
cultures were grown under antibiotic selection pressure.
The replicative stability of the RSF1010 replicon
depends upon its copy number, and it has been shown
to become unstable when the copy number is lowered
(12,34). Therefore, when cultures harboring pPMQAKI
are cultivated without antibiotic selection pressure, it
would be advisable to minimize the metabolic burden
introduced by plasmid carried constructs in order to
avoid the selection of lower copy number variants and
subsequent plasmid instability. Other plasmids derived
from the RSF1010 replicon have been shown to possess
copy numbers in Synechocystis ranging from 10 (35) to 30
(36) per cell. The copy numbers of these plasmids were
obtained using different methods, which may, when differ-
ences in cultivation and plasmid sequences are also

Figure 8. Specific promoter activities of P, 0 and P,wno in
Synechocystis sp. strain PCC 6803 without (—) and with (+) the
expressed lac repressor under non-induced (black bars) and induced
(gray bars) conditions. The activities were measured by means of
GFPmut3B fluorescence and divided by the absorbance of the
cultures at 750nm. The data represent mean = SD of triple measure-
ments of three independent cultivations. The /ac repressor was ex-
pressed on the same plasmid as the GFPmut3B reporter constructs
under the control of P,z or P,.oa (as indicated). The specific
promoter activities of P,,,z and P04 GFPmut3B reporter constructs
are shown as indication for the /ac repressor levels in the cells.
Induction was done by 2mM IPTG.

considered, explain the difference. These average copy
number values should be compared with the average
value of the Synechocystis chromosome number that was
found to be 12 (37). Since both plasmid and chromosome
copy numbers are expected to vary with growth conditions
and different selection pressures, information about the
copy number variance would be useful. However, based
on these reported values of RSF1010 derived plasmid
copy numbers, the average copy number of pPPMQAKI1
would be expected to be similar or slightly higher than the
average chromosome copy number of Synechocystis. In
E. coli the average copy number was found to be 10
(38). Finally, as a RSF1010 derivative, pPMQAKI is
likely to successfully replicate in a wide range of bacteria
(11,12), opening up the possibility to utilize the large and
growing collection of BioBrick parts found at the Registry
of standard biological parts (http://partsregistry.org) in
many different species of cyanobacteria (14-16), or other
model organisms (13,17), for use in biotechnological
applications or genetic studies.

Fluorescent proteins are widely used as reporter
proteins for either expression or localization studies.



As cyanobacterial cells are filled with a huge amount of
pigments for utilizing light as energy source these mol-
ecules could influence the measurement of the emitted
light of the fluorescent proteins. In this study, the
spectra of the three fluorescent proteins Cerulean,
GFPmut3B and EYFP, expressed in cells of the cyanobac-
terium Synechocystis, have been measured and compared
to the spectra of wild-type cells without expressing the
fluorescent proteins. Cerulean, which was originally

80000
3 60000
N~
<
(0]
€ 40000 -
Q
(2]
o
S
£ 20000 {

0_

0 03 2 5 10
IPTG (mM)

Figure 9. Specific promoter activities of P,.;o (black bars) and P;..o0
(light and dark grey bars) in Synechocystis sp. strain PCC 6803 against
the IPTG concentration. The activities were measured by means of
GFPmut3B fluorescence and divided by the absorbance of the
cultures at 750nm. The data represent mean + SD of triple measure-
ments of three independent cultivations. The /ac repressor was
expressed on the same plasmid as the GFPmut3B reporter constructs
under the control of P, (black and light grey bars) or P, .oa
(dark grey bars).

developed as an improved donor fluorophore for FRET
measurements replacing ECFP, has similar spectral
properties as ECFP but is 2.5-fold brighter (39). The
maximum excitation and emission wavelengths of the
Cerulean expressed in Synechocystis are only slightly dif-
ferent from the wavelengths reported for the pure protein.
GFPmut3B folds more efficiently and is better soluble
in the cell compared to the wild-type GFP (40).
The maximum excitation and emission wavelengths of
GFPmut3B expressed in Synechocystis fit well with the
reported maxima for the pure protein. Also the excitation
and emission peaks of EYFP expressed in Synechocystis
are close to the reported maxima for the pure protein (41).
These data show that the fluorescent proteins can be used
as reporter proteins in cyanobacteria, despite the back-
ground of photosynthetic active proteins. However, it
has still to be investigated to which extent the photosyn-
thetic pigments can influence the fluorescence intensities
by e.g. quenching effects. When two fluorescent proteins
should be used simultaneously, e.g. for promoter charac-
terization with internal standard, the measured spectra
show that Cerulean should preferably be used with
EYFP as the emission spectrum of Cerulean overlaps
less with the excitation spectrum of EYFP than that of
GFPmut3B. Forster resonance energy transfer (FRET)
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between the fluorescent proteins is not likely because for
FRET the distance between the donor and the acceptor
molecules should not exceed 20-60 A (42).

For the design of regulated genetic circuits well-
characterized promoters are crucial biological parts.
Standardized promoter characterization has been done
in E. coli (18), but so far not in cyanobacteria. When
measuring the activity of the promoters P, P, Pr
and P,.0 in E. coli and Synechocystis, only P10
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Figure 10. Specific fluorescence intensities of EYFP and its three dif-
ferent degradation tagged variants in Synechocystis sp. strain PCC
6803. The EYFP fluorescence was measured after 48-h cultivation
time and divided by the absorbance of the cultures at 750 nm. The
data represent mean + SD of triple measurements of three independent
cultivations. EYFP (BBa_E0030) or the degradation tagged variants
EYFP-ASV (BBa_E0036), EYFP-AAV (BBa_E0034) and EYFP-LVA
(BBa_E0032) were expressed by the promoter P, i0.

showed similar results in both strains. The hybrid
promoter P o contains the consensus —35 sequence
from P,, and the consensus —10 sequence from P uvs
(both from E. coli), which are separated by a 17-bp
spacer, and the Lacl-binding operator O1 (28). The ideal
consensus sequences for type 1 promoters (43) of this
promoter could explain why it functions well in both
E. coli and Synechocystis. However, in Synechocystis the
activity of P,,, was very low and activities of the promoters
P, and Pp were not detectable. These very different
results for the activities of the latter promoters in E. coli
and Synechocystis may have different reasons.

The promoter P,,. belongs to the class I cAMP receptor
protein (Crp) dependent promoters in E. coli, which
require Crp for transcription activation and have a
single Crp-binding site centered at position —61.5 relative
to the transcription start point (44). For initiation of tran-
scription the Crp has to be on the same side of the DNA
molecule as the RNAP, which limits the spacing from the
middle of the —10 sigma factor-binding site to the middle
of the Crp site in intervals of 10.5-bp a-helical turns (45).
By definition class I Crp dependent promoters have five
turns or more. In Synechocystis a cAMP receptor protein,
SYCRPI1, was identified (46) and a putative SYCRPI-
binding site was proposed (47). The promoter regions of
further target genes of SYCRP1 were identified in vitro
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and characterized in vivo (45). The analysis of the murF P;
promoter region revealed spacing from the middle of the —
10 sigma factor binding site to the middle of the Crp site of
5.7 o-helical turns, which differs from the conserved
spacing of 5.0 turns in E. coli. This could be one explan-
ation why Py,., which shows the typical spacing of 5.0
turns, did not show detectable activity in Synechocystis.
In in vitro studies of Calothrix sp. strain PCC 7601
the cyanobacterial RNAP could initiate transcription at
the Crp-independent P,.vs, but not at the wild-type
Crp-dependent P,,. (19). Additionally, enteric and cyano-
bacterial RNAP have different architectures. Instead of
one P’ subunit (RpoC) in the enteric RNAP, the cyano-
bacterial RNAP possesses two subunits y (RpoCl1) and f’
(RpoC2), and also a large insertion between the domains
G and H. This may influence the protein/DNA interaction
ability (19.43).

In the P,, promoter sequence two DNA-binding sites
for the TetR repressor overlap the —10 and —35 elements.
In Synechocystis three potential members of the TetR
family were predicted from high structural similarities to
the helix-turn-helix motif of the DNA-binding domain of
TetR (48). Additionally, the transcriptional regulator
PrgR of the TetR family is known as a repressor of the
pqrRA operon (49). Repression of P, by PrqR or one of
the other two predicted TetR family members could
explain the very low activity of this promoter in
Synechocystis.

In the bacteriophage A Pr promoter sequence two
DNA-binding sites for the A-encoded clI repressor
overlap the —10 and —35 elements, which show high simi-
larity to the consensus sequence for the E. coli 6'° and the
Synechocystis group 1o factors. As no A-encoded cl re-
pressor is expressed in Synechocystis the missing activity
of this promoter in Synechocystis cannot be explained by
repression through a homologue of this protein. However,
in a recent study of E. coli the binding of the protein DksA
directly to the secondary channel of RNAP and consecu-
tively stimulating Pg-initiated transcription was proposed
(50,51). This investigation broadens the general picture of
promoter control by transcription factors binding to DNA
sequences near the RNAP-binding site by transcription
factors binding directly to the RNAP without binding to
DNA (50). As the protein DksA is not distributed widely
among bacteria and not yet found in cyanobacteria
(52,53), the lack of DksA might explain the missing
activity of Pgr in Synechocystis.

In order to find a suitable, constitutive but not too
strong promoter for the expression of the lac repressor,
P,,,p and six different variants of P, have been
characterized. All promoter constructs showed detectable
but compared to P,..;o not very strong expression. The
rnpB gene is widely used as a housekeeping gene probe.
The rnpB mRNA transcript level was not affected upon
transfer of dark-adapted cells to light and did not decrease
upon addition of the electron transport inhibitors DCMU
or DBMIB (54,55). Therefore, the rnpB promoter could be
used as a stable constitutive promoter in Synechocystis.

The six different variants of P,,.; showed different ex-
pression depending on their architecture. A possible
ribosome-binding site (GGAGGA) upstream the start

codon of the rbcL gene and a 25-bp spacer between the
putative —35 element (TAATAA) and the —10 element (TA
TATT), which is located 60-bp upstream of the start
codon, were proposed in the intergenic region between
ctpA and rbcL (56). To enable the comparison of
promoter activities, the putative rbcL ribosome-binding
site (RBS) was replaced by a BioBrick RBS
(BBa_B0034) in all versions of P,,.;. When comparing
the activities of P,p.zoa With Pperia, and Py oc With
P.yer1c, the presence of the AT-rich element enhances
the activity by about 2-fold. Previously, a putative-binding
site for the transcriptional regulator NtcA was discovered
within this AT-rich element, and a —10 like element was
found just downstream (57). This predicted result fits with
the structure of an NtcA-activated promoter similar
to the class II Crp-dependent promoters (58). NtcA,
which responds to 2-oxoglutarate, a signaling molecule
connected to the carbon/nitrogen balance of the cells,
belongs to the Crp-FNR family of transcriptional regula-
tors (59,60). The deletion of this AT-rich element would
remove the putative NtcA-binding site, and hence explain
the reduced promoter activity of P.e.ria and Pperic
compared to P,y.roa and P,,.roc, respectively. However,
comparing the results of P,,.;op With P,,.; 15 the AT-rich
element is not enhancing promoter activity. P28
showed the lowest activity of all the rbcL promoter
variants. Unexpectedly, a presumptive LysR-type
T(N11)A motif was found in the P,,.;;g and P08
sequences from —22 to —10-bp upstream of the rbcL start
codon. This motif was maintained in the P,;.; 1o and
P..ioa sequences, but in the P,.g and P..rop
sequences this motif was mutated due to the insertion of
the scar sequence during assembly. Two DNA-binding
protein candidates belonging to the LysR-type transcrip-
tional regulators were proposed: SI11594 (NdhR) (61,62),
whose consensus-binding sequence is TCAATG(N10)AT
CAAT (the underlined T and A are the conserved nucleo-
tides of the LysR-type motif), and SI110998 (RbcR) (63)
for which there is no specific consensus-binding site
motif information other than the general LysR T(N11)A
motif. The observed motif TCAATG(N10)AgaAAT
of the P,e.r1a and P,y.;oa 1s highly conserved to the
consensus-binding sequence of Sll1594 and there was a
dramatic reduction in promoter activity in the P,,.7op
due to the motif mutation. However, it has been
proposed that Sl11594 is not involved in the regulation
of the rbcLS operon in Synechocystis (61). Further inves-
tigations into the putative LysR motif and its transcrip-
tional factor are needed. Importantly, when the putative
NtcA motif is present simultaneously as the presumptive
LysR motif, such as in P,,.-4, the highest activity is
observed, whereas when the NtcA motif is present but
the LysR motif is absent, such as in P,,.;-p, @ dramatic
decrease in promoter activity is observed. When NtcA is
missing and the LysR site is present, as in P,,.z 14, a small
decrease is observed. Interestingly, the P,,.z1g and P,peric
constructs, without both the putative NtcA-binding site
and the presumptive LysR motif, had similar activities.
For a typical LysR-type transcriptional regulated
promoter, coinducer-dependent cooperative protein-
protein interactions seem to be required for occupancy



of the activation site (64). There could be a binding site for
a LysR interaction partner required for efficient activation
by LysR in the promoter sequence, e.g. in the sequence
missing from the promoters P,;.ic and P,p.pnc, 1.€. from —
48 to —18 bp from the rbcL start codon. This agrees with
the observation that the strongest activation is observed
for P,y.roa, Wwhich contains the binding sites for NtcA and
LysR plus its possible interaction partner. Finally, an
interaction between the presumptively bound transcrip-
tion factors NtcA and LysR is also possible.

The promoters P,..i0 and P,..oo were both successfully
repressed in E. coli when Lacl was expressed using the
promoter P,,,5. Unexpectedly, P,.i0 was about two
times more effectively repressed than P,...o in E. coli.
The anticipated higher repressibility of P,...o compared
to P,.o0 depends on DNA looping (65), which is
mediated by the binding of the Lacl tetramer to two lac
operators (66). Perhaps the low amounts of Lacl ex-
pressed from the weak promoter P,,,5 leads to an insuffi-
cient amount of the Lacl tetramers required for efficient
repression of the P,...o by DNA looping, causing P,..io
and P,..o to seem similar in repressibility. However, in
Synechocystis, P,..1o is barely repressed whereas P,,..,0 1S
strongly repressed compared to the promoter activity
without the lac repressor. Evidently, in Synechocystis
there is enough Lacl present to provide efficient repression
of P,.o through DNA looping, whereas P,.;o cannot
not be efficiently repressed, which seems paradoxical,
also considering its much more efficient repression in E.
coli. This leakiness of P10 has already been reported in
Synechocystis (36) and, in a version with a twin Lacl
operator downstream, also in Synechococcus (67).
Possibly, explanations could be found in the differences
of E. coli and Synechocystis RNAPs. Both the P,.i0
and the P,.o promoter could be fully induced with
I mM IPTG in E. coli. In Synechocystis, the weakly re-
pressed P,.;o0 promoter was successfully induced with
2mM IPTG to levels comparable to its transcriptional
activity without Lacl repression. However, the more
powerfully repressed P,...o could not be induced to
levels corresponding to its activity without repression.
Increasing the IPTG concentration from 2 to 10 mM did
not result in a significant increase of expression from the
P,..o0 construct. Possible limiting factors such as an ex-
hausted metabolic state of the cell or a saturated transla-
tional system cannot be the reason for this limited
induction since the twin construct of P,..o0, Pic10, With
a much higher rate of expression, could be fully induced,
and had a very similar growth rate. A reason for the
limited induction of P,..»,o could be a very limited diffu-
sion or import rate of IPTG into the cells, resulting in a
significantly lower intracellular than extracellular IPTG
concentration. As the two /ac operators of P,...o lead to
a much stronger repression than the single operator of
P10, Pueoo would not be fully induced at these lower
intracellular IPTG concentrations, whereas P,..;o could
be induced. It is not, to our knowledge, established
whether Synechocystis can actively transport lactose, and
hence IPTG, into the cells, but there are candidate genes
such as slr1723 and slr1202 (permeases) (68) and sll1374
(putative sugar transporter) (69). The low induction
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problem caused by limited diffusion of IPTG has been
previously recognized (70) and solved in Pseudomonas

fluorescens by the introduction of the E. coli lactose

permease gene lacY. Another approach to enhance
IPTG induction of a Lacl repressed promoter was to
develop mutants of the lac repressor with a higher sensi-
tivity to IPTG. By using a directed evolution method
based on error-prone PCR, a mutant Lacl was acquired
that allowed a Lacl repressed promoter to be induced with
as little as 1puM of IPTG (71). Using a combination of
improved IPTG import through the introduction of a
lactose permease and a Lacl mutant with higher IPTG
sensitivity, a system for very efficient induction of Lacl
repressed promoters could be acquired. For producing
lac repressor controlled promoters with maximized
repressibility, the /ac inter-operator helical phase and
inter-operator distance could be optimized (72). Also, all
lac operators could be exchanged for the ideal /ac operator
that binds the lac repressor tighter than all natural oper-
ators (73), and finally, a third or more lac operators could
be introduced.

For preventing proteins from accumulating within the
cell, degradation tags, recognized by the ClpXP and
CIpAP cytoplasmic proteases (20,21), can be utilized.
When measuring the fluorescence of Synechocystis
cultures expressing tagged EYFP, a tag depending
decrease of accumulated protein in the order EYFP,
EYFP-ASV, EYFP-AAV and EYFP-LVA was
observed, which implicates a reduced stability of the
tagged proteins. The LVA tag decreases the protein sta-
bility most, followed by AAV and ASV, which resembles
the results found in E. coli (20). A high fluorescence inten-
sity of EYFP together with the efficient degradation tag
LVA makes EYFP-LVA a sensitive probe giving a good
signal-to-noise ratio for the gene expression in genetic
circuits of dynamic processes.

Our results show that the biological parts of the
Registry of Standard Biological Parts must be
characterized in the host organism of choice since their
function outside the organism of original use may differ
significantly. For the use of Synthetic Biology approaches
in cyanobacteria we developed and demonstrated the use-
fulness of various genetic tools, i.e. a broad-host-range
BioBrick shuttle vector, fluorescent proteins, constitutive
and repressible/inducible promoters and degradation tags,
in the cyanobacterium Synechocystis sp. strain PCC 6803.
These tools facilitate the implementation of dynamic regu-
latory systems such as toggle-switches (7) and oscillators
(6,74) that could be used for enhanced control of cyano-
bacterial production processes. Cyanobacteria have
evolved circadian rhythms to synchronize some of their
activities to the cycles of light and darkness (75), which
may be important to consider for the implementation of
any photobiological production system. Artificial genetic
oscillators inspired by circadian rhythms may therefore be
regulative circuits of special importance for the design of
cyanobacterial production strains. Such dynamic systems
require inducible promoters with a low level of leakiness
and degradation tags for transient protein expression (6).
The P,,.20 promoter herein presented may partly fulfill the
inducible promoter demand, especially if the inducibility is
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improved, and the degradation tags, for use in transient
expression, were demonstrated to be functional. In con-
clusion, we aim for implementing these molecular tools to
accelerate the development of cyanobacterial biotechnol-
ogy, helping to open up important routes towards sustain-
able production and biofuels.
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