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Abstract

Trans-acting regulators provide novel opportunities to study essential genes and regulate
metabolic pathways. We have adapted the clustered regularly interspersed palindromic repeats
(CRISPR) system from Streptococcus pyogenes to repress genes in trans in the cyanobacterium
Synechococcus sp. strain PCC 7002 (hereafter PCC 7002). With this approach, termed CRISPR
interference (CRISPRI), transcription of a specific target sequence is repressed by a catalytically
inactive Cas9 protein recruited to the target DNA by base-pair interactions with a single guide
RNA that is complementary to the target sequence. We adapted this system for PCC 7002 and
achieved conditional and titratable repression of a heterologous reporter gene, yellow fluorescent
protein. Next, we demonstrated the utility of finely tuning native gene expression by
downregulating the abundance of phycobillisomes. In addition, we created a conditional
auxotroph by repressing synthesis of the carboxysome, an essential component of the carbon
concentrating mechanism cyanobacteria use to fix atmospheric CO,. Lastly, we demonstrated a
novel strategy for increasing central carbon flux by conditionally downregulating a key node in
nitrogen assimilation. The resulting cells produced 2-fold more lactate than a baseline engineered
cell line, representing the highest photosynthetically generated productivity to date. This work is
the first example of titratable repression in cyanobacteria using CRISPRI, enabling dynamic
regulation of essential processes and manipulation of flux through central carbon metabolism.
This tool facilitates the study of essential genes of unknown function and enables
groundbreaking metabolic engineering capability, by providing a straightforward approach to

redirect metabolism and carbon flux in the production of high-value chemicals.
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1.1 Introduction

The ability to manipulate and predictably control gene expression is an essential tool for
engineering metabolism and biology. Modern gene expression toolboxes include promoter
libraries for initiating transcription at desired rates (Alper et al., 2005; Markley et al., 2015),
transcriptional regulator/operator pairs for creating dynamic switches and circuits (Stanton et al.,
2013; Zhang et al., 2012), transcription terminators for insulating neighboring expression
cassettes (Chen et al., 2013) models of translation initiation for engineering ribosome binding
sites (Espah Borujeni et al., 2014; Salis et al., 2010), codon optimization algorithms for
optimizing gene sequences (Puigho et al., 2007), and RNA structures that tune mRNA turnover,
termination, and translation initiation (Pfleger et al., 2006). These tools have enhanced the study
of natural systems and enabled the creation of engineered microbes for addressing societal
challenges such as sustainable chemical production (Chubukov et al., 2014; Hara et al., 2014;
Liao et al., 2016; Lynch and Gill, 2012; Smanski et al., 2016). Unfortunately, differences in how
microbes recognize promoters, regulate gene expression, and translate protein do not allow
genetic circuits and tools to be universally moved between organisms with the desired outcome.
Instead synthetic biology tools must be validated in new hosts and then frequently adapted and
refined for optimal functionality (Keasling, 2012).

The majority of established tools regulate genes in cis and require replacement of native
expression cassettes with heterologous sequences to alter the level of gene expression. Replacing
sequences has the unfortunate side-effect of removing native regulation that has often evolved to
optimize the protein abundance needed for a given set of natural physiological states. In many
instances, the native context is ideal for one state but needs to be altered for a new unnatural state

(e.g. chemical production instead of growth). Trans acting tools that supersede native regulation
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in specific environments are therefore desirable additions to the synthetic biology toolbox
(Copeland et al., 2014). One such tool, termed CRISPR interference (CRISPRI), takes advantage
of the adaptive RNA-based defense system that in many bacteria targets and cleaves foreign
nucleic acids such as viruses and plasmids (Qi et al., 2013). Diverse CRISPR-Cas systems exist
in bacteria with altered locus architecture, components, maturation processes, and functions
(Makarova et al., 2015). The type Il system from Streptococcus pyogenes has been the most
widely adapted to manipulate gene expression. A complex of a single guide RNA (sgRNA)
containing a sequence complementary to the target and the protein Cas9 DNA nuclease protein
can initiate double-stranded breaks. Point mutations in the two active sites can be used to create a
nuclease deficient or dead Cas9 (dCas9). The complex of the sgRNA and dCas?9 is still able to
bind target DNA and can be used to either repress or activate gene expression (Bikard et al.,
2013). There is strong evidence that repression is caused by the dCas9-sgRNA complex
sterically blocking RNA polymerase elongation (Gilbert et al., 2013). The use of CRISPRi in
Escherichia coli has led to efficient repression of targets as high as 300-fold when the sgRNA
was targeted to the non-template strand near the 5’ end of the gene with no detectable off-target
affects (Qi et al., 2013). This repression was reversible and can be multiplexed to target several
genes simultaneously.

CRISPRi has become an increasingly attractive alternative to other trans-acting
regulators repressor proteins such as trans-activator-like effectors (TALES) or zinc fingers, due
to the simplicity of design and ease of synthesis. By altering just 20 nucleotides of the SgRNA,
the system can be designed to repress any gene of interest. However, it is necessary to choose a
target site with a protospacer adjacent motif (PAM) which is 5’-NGG-3” for S. pyogenes Cas9,

but engineered Cas9 nucleases are reducing this constraint (Kleinstiver et al., 2015). Despite this
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limitation this technology has been used to repress reporter genes as well as enhance titers of
products in various organisms: flavonoids in E. coli (Wu et al., 2015) and L-lysine and L-
glutamate in Corneybacterium glutamicum (Cleto et al., 2016).

Here, we adapted this technology to an industrially relevant cyanobacterial strain,
Synechococcus sp. strain PCC 7002 (PCC 7002) (Devroe et al., 2010; Reppas and Ridley, 2011).
Cyanobacteria are an attractive chassis for chemical production that enables direct conversion of
carbon dioxide and sunlight into useful products (Oliver and Atsumi, 2014). PCC 7002 is a
promising strain of cyanobacteria because it grows rapidly, is halotolerant, is naturally
transformable, can tolerate high light conditions, and has a growing synthetic biology toolbox
(Markley et al., 2015; Zess et al., 2016). To add to the PCC 7002 toolbox, we developed a
tunable gene repression system using CRISPRIi. The system is novel because targets can be
repressed to varying degrees by controlling the expression of CRISPRi components with an
inducer, anhydrotetracycline (aTc). Most CRISPRi systems including one developed for another
cyanobacterium Synechocystis sp. PCC 6803, can be turned on and off but the ability to titrate
the levels of expression was not reported (Yao et al., 2015). Attempts have been made to tune
repression by introducing mismatches in the sgRNA, but this involves making numerous strains
to reach a variety of repression levels (Qi et al., 2013).

The ability to finely tune native gene expression will be critical for manipulating essential
genes and to achieve growth regimes that decouple biomass and chemical production for
maximum yield (Xu et al., 2014). In many cases, intermediate levels of enzyme expression result
in maximum product titer (Freed et al., 2015; Pitera et al., 2007). With the described CRISPRI
technology we can lower expression of essential cyanobacterial genes, decrease but not abolish

flux towards competing products, and manipulate cellular processes to varying degrees. Here,
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we demonstrate the utility of finely tuning native gene expression by downregulating the
abundance of phycobilisomes. In addition, we create a conditional auxotroph by repressing
synthesis of the carboxysome, an essential component of the carbon concentrating mechanism
cyanobacteria use to fix atmospheric CO. Lastly, we demonstrate a novel strategy for increasing
central carbon flux by conditionally downregulating a key node in nitrogen assimilation
pathways. The resulting cells produced 2-fold more lactate than a baseline engineered cell line,

representing the highest photosynthetically generated productivity to date.

1.2 Materials and Methods

1.2.1 Chemicals, reagents, and media

Strains were grown and maintained on media A+ media (Stevens et al., 1973) with 1.5%
(w/v) Bacto-Agar (Fisher). Strains with antibiotic resistance markers were selected on media
with antibiotics (kanamycin, 100 pg/mL; gentamicin, 30 pg/mL) and strains with cassettes
introduced in the acsA locus were plated on 100 uM acrylic acid. Strains were grown in glass
culture tubes (2 x 15 cm) with 20 mL media A+ and bubbled with either air (0.04% CO,) or high
CO, (10% CO,). Temperature was maintained at 38°C and light intensity was approximately 150
umol photons m-=s:, Optical density was measured in a Genesys 20 spectrophotometer (Thermo

Scientific) in 1-cm cuvette.

1.2.2 Strain Construction

All strains, plasmids, and plasmid sequence used in this study are in the supplementary
material. Plasmids were cloned in Escherichia coli DH5a. The sequences of chromosomal
cassettes are available as supplementary material. Genes and sgRNA were transformed onto the

chromosome of wild-type PCC 7002 using homologous recombination. dCas9 was introduced at



93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

the acsA locus (Begemann et al., 2013) and the sgRNA and a kanamycin resistance marker were
introduced at the NS1 site (Davies et al., 2014). In some strains EYFP or the LDH with the
PcLac143 inducible promoter system were placed in the glpK pseudogene along with a gentamicin
resistance marker (Begemann et al., 2013). Constructs were made using Gibson assembly
(Gibson et al., 2009) with regions of homology added in the 5° end of the primers. Site specific
mutations in LDH enzymes was based on the V39R mutation described for the L-LDH of B.
subtilis strain 168 (Richter et al., 2011). In the case of the B. subtilis LDH, the point mutation
was made by site-directed mutagenesis protocol (Ho et al., 1989) with overlap extension PCR
and specific primers, followed by a Dpnl treatment and transformation to chemically competent
E. coli DHSa. Some sgRNA were instead made by adding the 20 nucleotide target sequence in
the 5’ region of an oligonucleotide primer and amplifying all of the way around a previously
constructed plasmid to create one linear piece. After purification, PCR products were
phosphorylated with T4 polynucleotide kinase and ligated with T4 DNA ligase (NEB) to form
circular plasmids. sgRNAs targeting the non-template strand were picked with DNA 2.0’s gRNA
designer by entering a gene of interest. Potential target sequences with a NGG PAM sequence
within the first 500 nucleotides from the start codon were used in a BLAST search against the
wild-type PCC 7002 genome to ensure no substantial off target effects. Binding sites of sgRNA

can be found in the supplementary material.

1.2.3 Measurement of Fluorescence
Cultures (20 mL media A+) were bubbled with air for 24 hours before being diluted in
triplicate to OD730nm = 0.5 in 10 mL of media A+. Cultures were bubbled for 24 hours to an

OD730nm ~ 1 where 1.5 OD730nm-mLs were spun down at 1,400xg for 10 minutes. Cell lysis with
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Bugbuster and fluorescence measurements on a Tecan M1000 plate reader were performed as
described previously (Markley et al., 2015).
1.2.4 Reversibility Test

Cultures (20 mL media A+) were inoculated from fresh plates and bubbled with air for 48
hours. Cultures were diluted to ~ 0.1 OD7zonm-mL in 20 mL A+ in quadruplicate and 1 pg/mL
aTc was added where indicated. A fluorescence measurement of 200 pl of cells was taken in a
Tecan M1000 plate reader with a gain of 200. Cultures were spun down at 5000xg for 10 min in
a Beckman Coulter Allegra X-15R Centrifuge, washed once with A+ media, and resuspended in

the same volume of A+ media to maintain a constant cell density pre- and post-wash.

1.2.5 Measurement of Absorbance

Cultures (20 mL media A+) were bubbled with air for 24 hours before being diluted in
triplicate to OD730nm = 0.5 in 10 mL of media A+ with aTc added where indicated. Cultures were
bubbled for 24 hours with air before an absorbance scan (300-750 nm) was conducted in 96 well

plates with a working volume of 200 ul using a Tecan M1000 plate reader.

1.2.6 Spot Plating

Cultures (20 mL media A+) were inoculated from plates and grown with 10% CO, for 24
hours. Cultures were diluted to OD730nm = 0.5 in 20 mL A+, aTc was added where indicated, and
bubbled for another 24 hours with 10% CO,. Samples were suspended at OD73onm = 0.01 as
measured by a Genesys 20 spectrophotometer, 10-fold serially diluted in media A+, and spotted

onto solid media (7ul/spot).

1.2.7 Fluorescence Microscopy
Cultures (20 mL media A+) were inoculated from plates and bubbled with 10% CO, for

24 hours with aTc where indicated. Cultures were diluted to OD730nm = 0.05 in 20 mL media A+
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and aTc was added where indicated, and bubbled for another 24 hours with 10% CO,. Cultures
were diluted to OD730nm = 0.05 in 20 mL A+ with aTc and grown with 10% CO, for 5 hours
before visualizing. Cells (2 ul) were spotted onto 1% (w/v in media A+) agarose pads in a 16-
well chamber slide (Nunc™ Lab-Tek™, Scotts Valley, CA), air-dried, and covered with a 0.17
mm coverslip. Images were acquired on a Zeiss Axioimager Z2 for GFP (excitation: BP 470/40
nm; beam splitter: FT 495 nm; emission: BP 525/50 nm), and brightfield using a 100X oil-

immersion objective (NA = 1.3). Images were analyzed with ImageJ (Abramofff et al., 2005).

1.2.8 Lactate Quantification

Cultures (10 mL A+ media A+) were inoculated from plates and bubbled with air for 24
hours before being diluted in duplicate to OD73pnm = 0.05 in 15 mL of media A+, induced with 1
mM IPTG, and bubbled with either air (0.04% COy) or high CO; (1% CO,). Temperature was
maintained at 38°C and light intensity was approximately 250 umol photons m2s™. Samples
were withdrawn periodically for biomass and lactate measurements, centrifuged, and the
supernatant was stored at -20°C until quantification by HPLC (Shimadzu Co., Columbia, MD,
USA) equipped with a quaternary pump, autosampler, vacuum degasser, photodiode array and
refractive index detector. HPLC separations were performed using an Ultra Aqueous C18
column (Restek). The HPLC operating conditions were as follows: mobile phase: 50 mM
KH,PO, (pH 2.5 with 1% Acetonitrile), flow rate 0.100 mL/min, column temperature 30°C,
photodiode array detector at 210 nm, run time: 10 minutes, injection volume 10 puL. Organic
acids were quantified by comparison with peaks generated by known amounts of lactate sodium
salt (Sigma) in Media A™. Dry cell weight concentrations were estimated from OD739nm Values
using a standard curve created from lyophilized cell pellets (1 OD730nm = 1.409 g/L; R*=0.9852).

Biomass productivity was calculated over the time course using a linear fit. Lactate
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concentrations for each individual culture are plotted with respect to time and a linear fit was

applied.

1.3 Results and Discussion

1.3.1 Optimization of YFP Repression with CRISPRI

To demonstrate a functional CRISPRi system in PCC 7002 we integrated three
expression cassettes into the chromosome: 1) a fluorescent reporter, 2) an inducible dCas9, and
3) a constitutively expressed sgRNA (Figure 1a). We constructed a reporter cassette consisting
of a heterologous yellow fluorescence protein (EYFP) expressed from a strong constitutive
promoter and a gentamicin resistance marker. The resulting cassette was integrated into a neutral
site in the genome by replacing the glpK pseudogene and selecting transformants on gentamicin.
We integrated dCas9 under the control of the anhydrotetracycline (aTc) induction system, EZ3
(Zess et al., 2016) into the acsA locus using acrylic acid as a counter selection marker
(Begemann et al., 2013). The aTc-controlled promoter was critical to construct the system; no
transformants were obtained when strains were transformed with a plasmid containing dCas9
expressed from the stronger cLac94 IPTG-inducible promoter (Markley et al., 2015). A single
guide RNA (sgRNA) was designed to target the non-template strand of YFP at a position ~175
nucleotides downstream of the start codon. An expression cassette containing the sgRNA
expressed from the strong constitutive promoter, Pj23119, Was integrated onto the chromosome at
neutral site 1 (NS1) with a kanamycin resistance marker (Davies et al., 2014). We measured bulk
YFP fluorescence in extracts from these strains and found that the fluorescence levels were
unaffected in strains containing only dCas9 or the sgRNA (Figure 1b) even when expression of

dCas9 was induced with aTc (Supplemental Figure 1). In strains containing all three cassettes,
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YFP fluorescence was reduced to 0.05% of the unregulated control. In the presence of 1 pg/mL
aTc (to induce dCas9 expression), YFP fluorescence was further reduced to 0.02% of the control.
These data confirm that CRISPRi functions in PCC 7002, however the limited dynamic range of
the system limits the utility in many applications.

In effort to increase the dynamic range of the CRISPRi system, we hypothesized that
decreasing expression of the sgRNA and dCas9 would reduce repression in the absence of aTc.
Therefore, we replaced the promoter controlling expression of dCas9 with weaker alternatives,
but saw no reduction in repression in the absence of aTc (Supplemental Figure 2). Similarly,
we changed the promoter strength of the sgRNA from a strong promoter, Pj23119, t0 @ medium
constitutive promoter, Pj23108, @ Weak constitutive promoter, Pj23117, and the same aTc-inducible
system (Zess et al., 2016) controlling dCas9 expression (Figure 2). We found that decreasing the
SsgRNA promoter strength reduced the repression of YFP in the uninduced culture (from 7% of
the control for Pj3119, 10 11% for Pjsi0s, and 70% for Pjps117), but also in the induced samples
(from 3% of the control for Pjp3119, t0 6% for Py3108, and 45% for Pj23117). In contrast, expression
of the sgRNA under control of the aTc-inducible system (Zess et al., 2016) already controlling
dCas9, generated the largest dynamic range. The YFP fluorescence of the uninduced sample was
reduced to 46% of the control and the induced sample maintained strong repression of YFP (4%
of the control).

Due to the required tet operator, the resultant SgRNA from the aTc-inducible system has
an additional 7 nucleotides at the 5° end. When those same 7 nucleotides were added to the 5° of
the sgRNA expressed from Pjp3119 there was no change in YFP repression (Supplemental

Figure 3). This finding suggests that CRISPRi in PCC 7002 may be tolerant to mis-matched
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extra nucleotides at the 5’ end of the sgRNA in contrast to examples in other bacteria where 5’
extensions decrease the efficiency of repression (Larson et al., 2013).

We hypothesize that minimizing both dCas9 and sgRNA concentrations relieve the
unintended repression when dCas9 is uninduced. In other words, very small concentrations of
dCas9 may be capable of effectively silencing YFP expression when excess sgRNA is present.
Attempts to reduce dCas9 expression using an alternate promoter and by deleting the promoter
region were unsuccessful, suggesting that residual or promiscuous expression of dCas9 is
sufficient for full repression (Supplemental Figure 3).

We next sought to improve this tunable repression by decreasing repression of the target
gene in the absence of aTc. We hypothesized that reducing the expression level of dCas9 by
altering its ribosome binding site (RBS) would meet this goal. Using the RBS Library Calculator
(Farasat et al., 2014) we designed five additional RBS with predicted decreasing translation
initiation rates (labeled A-F). We achieved a range of repression in the uninduced samples
although they did not correspond to the predicted translation initiation rate of dCas9 (Figure
3A). Altering the dCas9 RBS allowed us to obtain minimal repression without aTc (~30%) while
maintaining repression when maximally induced (~90%). In an effort to further optimize the
system, we created 5’ truncations of the SQRNA as this has been shown to lower repression in
other systems ((Qi et al., 2013; Xu et al., 2015). Here, we observed a drastic decrease in
repression between 15 nucleotides and 12 nucleotides, but overall dynamic range was not
improved relative to the original 20 nucleotide sgRNA system (Supplemental Figure 4). We
proceeded to characterize the strain with the “F” RBS controlling dCas9 expression (there was
no statistical difference in YFP fluorescence between uninduced samples of “C” and “F” RBS).

With the uninduced samples normalized to 100%, we were able to titrate YFP fluorescence to
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13% when fully induced (Figure 3B). There is still some repression in the uninduced sample
(~30% of no CRISPRI control). Last, we designed sgRNA to target different locations within
YFP and found similar results for sgRNA targeting both the template and non-template strands
near the beginning of the transcript, with slightly reduced repression when fully induced when

targeting the 3’ end of the transcript (Supplemental Figure 5).

1.3.2 Reversibility of repression

One advantage of trans-acting regulators is the potential to dynamically regulate
expression of target genes between on and off states in the same culture. To examine the
potential of the CRISPRi system in this regard, we performed a series of timecourse experiments
wherein aTc levels were either added or removed as specific timepoints and YFP fluorescence
was monitored. In the absence of aTc, YFP fluorescence increased over time (Figure 4a) as
expected. When cultures were induced, (Figure 4b), YFP fluorescence decreased over time as
cells grew (filled in markers). Cultures were centrifuged, washed, and resuspended in fresh
media with or without aTc. In the absence of aTc, YFP fluorescence returned, albeit at a slower
rate than the completely uninduced cultures (Figure 4a). In contrast, induced cultures maintained
a lower level of YFP fluorescence for the remainder of the experiment. The increasing
fluorescence in the samples without aTc shows that CRISPRI can be turned on and off by the
addition or removal of aTc. This tool enables the study of PCC 7002 genes allowing the knock-
down of genes to intermediate levels as well as the ability to track physiological changes

throughout time when repressing or depressing genes of interest.

1.3.3 Repression of native genes
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We tested whether CRISPRI could be used to rapidly modulate two key processes in
photosynthetic organisms: light harvesting and CO, fixation. First, we designed a system to
target and repress expression of core phycobilisome genes. Phycobilisomes are multi-subunit
pigment-protein complexes that function as light harvesting antennae in cyanobacteria by
transferring light energy to the photosynthetic reaction centers, photosystem I and photosystem |1
(Grossman et al., 1993; Liu et al., 2013). The phycobilisome is comprised of an allophycocyanin
core attached to peripheral rods assembled from disks of phycocyanin separated by linker
polypeptides. In PCC 7002, the cpcBACDEF operon encodes the major components of the
peripheral rods including the a- (CpcA) and -subunits (CpcB) of phycocyanin, the rod linkers
(CpcC and CpcD), and two proteins involved in attachment of the phycocyanobilin pigment to
the a-phycocyanin subunit (CpcE and CpcF) (Bryant et al., 1990). Since reduction of antennae
size has been a promising strategy for increasing light penetration into high-density
cyanobacterial cultures (Kirst et al., 2014), we designed an sgRNA to target cpcB and inhibit
transcription of the entire cpcBACDEF operon. Others have shown that when the rod proteins are
deleted there is a decrease in absorbance corresponding to phycocyanin at 635 nm (Lea-Smith et
al., 2014). We hypothesized that repression of this operon would lead to an observable
phenotype — a decrease in absorbance in the phycocyanin absorbance peak at 635 nm relative to
the 680 nm chlorophyll peak (Alvey et al., 2011).

Following induction of the dCas9 in the strain containing the sgRNA targeting cpcB, we
observed a significant decrease in the absorption peak at 635 nm, indicating a severe depletion
phycobilisomes compare to the control strain (Figure 5). Dynamic modulation of the light-
harvesting complex, as shown by our CRISPRI strategy, could be useful for improving growth at

high cell density (Kirst et al., 2014) without affecting initial biomass scale-up that could be
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reduced in a mutant lacking phycobilisomes. Moreover, CRISPRi may be advantageous
compared to making traditional deletion strains due to challenges in isolating homoplasmic
strains, especially when the deletions have impacts on cellular fitness; for example, we were
unable to generate a fully segregated cpcB strain, but could phenocopy this trait using CRISPRI
(Lea-Smith et al., 2014).

Next, we tested whether essential genes could be repressed using the CRISPRi system. In
all free-living cyanobacteria and some chemoautotrophic bacteria, CO,-fixation occurs within
the carboxysome, a bacterial microcompartment comprised entirely of protein that functions as a
primitive organelle (Yeates et al., 2008). The carboxysome is comprised of a thin, multi-subunit,
semi-permeable protein shell that encapsulates the key carboxylase, Ribulose 1,5-bisphosphate
carboxylase/oxygenase (RuBisCO), and carbonic anhydrase in a unique sub-cellular environment
(Cameron et al., 2013). The carboxysome functions at a key component of the cyanobacterial
CO; concentrating mechanism, which increases the local concentration of CO, at the site of CO,-
fixation within the carboxysome.

While carboxysomes are essential for growth in atmospheric CO, levels (0.04%), models
predict that increased productivities could be achieved using un-encapsulated RuBisCO during
growth in industrial conditions that provide high-CO, (Clark et al., 2014), including flue gas
from a coal-fired power plant (~15%). In PCC 7002, the ccm operon (ccmK;K,LMN) encodes the
hexameric shell proteins (CcmK1 and CcmK?2), the pentameric vertex protein (CcmL), and the
interior scaffold proteins (CcmM and CcmN) that make up the major structural subunits of the
carboxysome (Ludwig et al., 2000). We designed a sgRNA to target ccmK1, with the prediction

that inhibition of the ccm operon would inhibit formation of the carboxysome, resulting in a
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strain with a high-CO, requiring (HCR) phenotype and RuBisCO localized to the cytoplasm
instead of being encapsulated within the carboxysome shell (Cameron et al., 2013).

We tested this hypothesis by comparing growth of a mutant lacking the ccmK;K;LMN
(Accm) operon with a CRISPRI strain targeting ccmK and a control containing the sgRNA but no
dCas9 on solid medium in air or elevated CO,. Cultures were grown overnight in elevated
(~10%) CO,, diluted and re-grown in the absence or presence of aTc, and then serially diluted
and spot-plated onto solid media placed in either elevated CO; or air. As expected, the control
strain with only the sgRNA could grow in both high CO; and air whereas Accm could only grow
with high CO; (Figure 6a). While the undinduced CRISPRI strain could grow in both air and
high CO,, the presence of aTc in the pre-culture resulted in a HCR phenotype, indicating
functional repression of carboxysome assembly.

To investigate whether assembly of the carboxysome was being inhibited, we expressed a
C-terminal sfGFP fusion of the RuBisCO large subunit, rbcL, as a visual marker in the test
strains. The uninduced CRISPRI strain resembled wild type (WT) with discrete fluorescent foci,
indicating the presence of carboxysomes (Figure 6b), whereas the Accm strain exhibited diffuse
fluorescence. The induced strain resembled an intermediate between the WT and Accm strains,
with polar fluorescent foci and diffuse GFP signal. We suspect that the foci represent an
intermediate in carboxysome assembly pathway initiated by molecular scaffolding of RuBisCO
by CcmM; this intermediate is the result of insufficient shell proteins and exhibits an HCR
phenotype (Cameron et al., 2013). Based on the HCR and visual phenotypes of the induced
strains, we hypothesize that repression of the entire ccm operon is incomplete, but sufficient to

inhibit assembly of functional carboxysomes.
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1.3.4 Improving lactate production with CRISPRI

Trans-acting regulators also have the potential to implement elegant regulatory strategies in
cell factories. Here, we used CRISPRI to increase the production of lactate. Lactate is an
excellent model compound for studying metabolic engineering strategies in photoautotrophic
bacteria because its synthesis pathway is short (one step removed from central metabolism) and
consumes cofactors within the range generated by photosynthesis during linear electron transport
(Oliver and Atsumi, 2014). PCC 7002 has an endogenous lactate dehydrogenase, but autotrophic
cultures produce negligible levels of lactate under optimal laboratory conditions. Therefore we
expressed an engineered version of the Bacillus subtilis lactate dehydrogenase (LDH) with a
previously described single amino acid substitution (Richter et al., 2011), that switches the
cofactor requirement of the enzyme from NADH to NADPH during conversion of pyruvate to
lactate. An expression cassette with LDH under the control of the P ,c143 IPTG-inducible system
(Markley et al., 2015) was integrated into the chromosome at the glpK pseudogene locus along
with a gentamicin resistance marker to generate the base strain, CC133.

In conjunction with elevated expression of optimized LDH, we predicted that limited flux
from carbon fixation to pyruvate would limit lactate production. Enhanced pyruvate excretion
and attenuation of phycobilisome and chlorophyll a degradation has been demonstrated under
nitrogen starvation in several strains of cyanobacteria when glycogen synthesis is disrupted
(Davies et al., 2014, Griindel et al., 2012; Hickman et al., 2013). We hypothesized that moderate
reduction of glutamine synthetase | (gInA) expression would slow the rate of nitrogen
assimilation through the GS-GOGAT pathway (Muro-Pastor and Florencio, 2003). Slowing the
rate of nitrogen assimilation would thereby lead to increased intracellular accumulation of a-

ketoglutarate, activating the global nitrogen transcriptional activator, NtcA, a transcription factor
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from the cyclic AMP receptor protein class (Herrero et al., 2001). This in turn, modulates a suite
of metabolic processes related to glycogen degradation and glycolysis, thereby enhancing the
flux of fixed carbon to pyruvate (Osanai et al., 2006). However, severe nitrogen limitation will
further increase intracellular o-ketoglutarate levels, facilitating complex formation between
active NtcA and regulatory factor, PipX (Espinosa et al., 2006), negatively affecting de-novo
protein synthesis and overall photosynthesis rates (Espinosa et al., 2014; Krasikov et al., 2012).
Therefore, we chose to titrate the degree of repression of glnA using the CRISPRi approached
described above (Figure 7). As additional controls, a sgRNA targeting YFP or gInA were
integrated in the NS1 locus under the control of the aTc-inducible system, to create strains
CC142 and CC130, respectively. dCas9 with the F RBS was integrated in CC130 to create strain
CC131.

Interestingly, we found enhanced lactate production, as well as delayed phycobilisome and
chlorophyll a degradation (Supplemental Figure 6), in both strains harboring the glnA sgRNA
when compared to the control strains in 1% CO, (Figure 8b) or air (Figure 8d). Integration of
glnA sgRNA improved production rates from 0.079 £ 0.001 mM/hr in CC130 to 0.092 + 0.001
mM/hr in CC131, both significantly improved to control strains CC133 and CC142, with rates of
0.045 £ 0.002 mM/hr and 0.029 + 0.002 mM/hr, respectively, indicating that this effect was gInA
SgRNA specific. This gInA sgRNA mediated effect may be due to a basal level of repression
through cross-talk with the native CRISPR-Cas systems, unlike the other native genes targeted
previously, given the difference in transcript abundance between gInA, ccmK, and cpcB (Ludwig,
2012; Ludwig, 2011). There was no apparent difference in growth rate between the any of the
producing strains in 1% CO, (Figure 8a) or air (Figure 8c). This suggests that gInA repression or

LDH expression did not severely impact amino acid synthesis or biomass generation. Given the
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significant increase in carbon products, the data also suggests that carbon storage polymers were
rerouted to product, or carbon fixation rates were enhanced in CC131, analogous to cells

engineered to secrete sucrose (Ducat et al., 2012).

1.4 Conclusions

CRISPRI provides a straightforward method to repress native genes of interest. We
showed the functionality of this system genes in the fast-growing cyanobacterium,
Synechococcus sp. strain PCC 7002 by repressing heterologous YFP and three native genes. We
found that leaky expression of the system components was sufficient to achieve strong repression
of its target and therefore the system required significant optimization to achieve the desired
dynamic range of repression. We found that expression of dCas9 and sgRNA from aTc-inducible
promoters allowed for a functional range of repression compared to expressing the sgRNA from
constitutive promoters of various strengths. Leakyness of the system was further improved by
screening RBS variants to modulate the levels of dCas9. The resulting platform enables the rapid
and tritratable repression of gene expression in an industrial relevant cyanobacterium. As a proof
of concept, we demonstrated repression of a YFP reporter construct, the native ligh-harvesting
phycobilisome (cpcBACDEF), and the carboxysome (ccmK;K,LMN). Repression was titratable
and reversible allowing genes to be turned off and on via the addition or removal of aTc.

CRISPRI is a synthetic biology tool that facilitates both the study of natural physiology as
well as engineering of strains for applied purposes. Current methods for increasing titers of
products include deleting genes in competing pathways, but maximum yields might be achieved
by lowering expression to some intermediate level. With CRISPRi technology we can lower
expression of essential genes, decrease but not abolish flux towards competing products, and

manipulate cellular processes to varying degrees. Here, we improved lactate production from
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0.045 £ 0.002 mM lactate/hr to 0.092 £ 0.001 mM lactate/hr by repressing glutamine synthetase,
glnA. This was achieved without reducing autotrophic growth rates or mutating chromosomal
genes. We anticipate that this approach could be similarly effective in increasing photosynthetic

flux to other chemical products, especially those derived from pyruvate.
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Figure Captions:

Figure 1: Repression of YFP reporter with CRISPRI. (a) Cartoon illustrating how the
dCas9-sgRNA complex interferes with RNA polymerase, thereby repressing transcription. (b)
Schematic of the three cassettes used to implement CRISPRi in PCC 7002. (c) YFP fluorescence
of PCC 7002 extracts containing dCas9 expressed from the aTc-inducible promoter and sgRNA
targeting YFP from constitutive Pj3119. Repression requires the presence of both dCas9 and
SgRNA but is not dependent on the presence of the inducer, aTc. Induction of dCas9 caused a
significant decrease in YFP fluorescence (p = 0.0008, unpaired two-tailed t-test with equal
standard deviation). Numbers above each bar report the percent fluorescence relative to the YFP
only strain. Error bars represent standard deviation of fluorescence measured from four
biological replicates.

Figure 2: The dynamic range of the system is improved when both dCas9 and sgRNA
are controlled by EZ3 tet promoters. Bars show YFP fluorescence of extracts containing dCas9
expressed from the aTc-inducible promoter and sgRNA targeting YFP from constitutive
promoters of varying strength and an aTc-inducible promoter. Promoter strengths were
previously characterized in PCC 7002 (Markley et al., 2015). The percent fluorescence relative
to the YFP only strain is displayed above the bar. Averages of strains grown in quadruplicate are
shown (error bars show standard deviation, NM# indicates not measured).

Figure 3: Decreasing RBS strength of dCas9 maximizes the dynamic range and enables
titration of repression. (a) Bars show YFP fluorescence of cultures with different ribosome
binding sites (RBS) controlling translation of dCas9. RBS’ were designed to be in decreasing
strength, A to F. A one-way ANOVA showed statistical significance between uninduced samples

(p < 0.0001), but not when C and F RBS were removed. There was no statistical difference



between uninduced samples of C and F RBS (p = 0.115 unpaired two-tailed t-test with equal
standard deviation). Data are the average of biological quadruplicates and error bars show
standard deviation. (b) Titration of strain with F RBS with increasing concentrations of aTc.
Averages of strains grown in triplicate are shown with the uninduced sample normalized to
100% (error bars show standard deviation).

Figure 4: CRISPRI repression can be reversed. (a) YFP fluorescence increases over time
in cultures grown without aTc. (b) YFP fluorescence increases over time before the addition of
aTc (marked with arrow), where YFP fluorescence begins to decrease. Upon removal of aTc by
centrifugation and washing, YFP fluorescence begins to increase again in cells without aTc
(open boxes), but is maintained at a lower level when aTc was re-added (dark diamonds).
Experiments were performed in quadruplicate with the average fluorescence values marked and
the standard deviation shown as the errors bars. Data for panels A & B were collected at the
same time using the same detection settings.

Figure 5: Tunable repression of the phycobilisome operon cpcBACDEF. A portion of the
absorption spectra of PCC 7002 (CC86) cultures induced with different levels of aTc shows a
decrease in the peak at 635 nm corresponding to the phycocyanin maximum absorbance peak.
Average spectra are shown and were normalized to OD73o,m = 0.4 (standard deviations displayed
with shading). The inset shows the absorbance at 635 nm with different concentrations of aTc.

Figure 6: Repression of the ccm operon. (a) Spot plates of control and ccmK repression
strains grown in enriched CO, and ambient CO,. Liquid cultures were grown with or without aTc
with ~10% CO, and normalized before spot-plating on solid media (without aTc). Accm is able

to grow with enriched CO, but is unable to grow with ambient CO, The uninduced ccmK



repression strain could survive in air but those induced could not. (b) RbcL-sfGFP was used to
visualize carboxysomes in control and ccmK repression strains.

Figure 7: Schematic of proposed mechanism for increased lactate production. Moderate
accumulation of a-ketoglutarate by gInA repression leads to NtcA activation and subsequent
activation of catabolic genes.

Figure 8: Repression of glutamine synthetase improves lactate production. Growth (a)
and (b) lactate production of strains grown in 1% CO,. Growth (c) and (d) lactate production of
strains grown in air. Averages of strains grown in duplicate are shown (error bars show standard

deviation).
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